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_ —Nature of the Photometric Proper- 


MEASUREMENT OF THE PHOTOMETRIC 
PROPERTIES OF THE UPPER ATMOSPHERE 


By J. M. WALDRAM, B.Sc., F.lnst.P. (Fellow) 


Communication from the Staff of the Research Laboratories of The General Electric 
Company, Ltd., Wembley, England. 


(Paper read at the Joint Meeting of the Illuminating Engineering Society 
and the Royal Meteorological Society, on Wednesday, March 21, 1945.) 


(Paper received February 12, 1945.) 


SUMMARY. 

This paper describes the procedure in and the results of measurements made of the 
photometric properties of the atmosphere. The data were required for the solution of a 
number of visibility and similar problems ; the need for data is outlined, and the relevant 
photometric properties of the atmosphere are described. The experiments fall into two 
groups : measurements made in clean air, and those made in industrial atmospheres. In 
both atmospheres the polar distribution of light scattered by an element of the atmosphere 
was measured by polar nephelometers built for the purpose. 

fn the clean air measurements, a nephelometer was carried on an aeroplane and a series 
of flights was made, several up to 30,000ft., over different parts of the country and at different 
times of the year. A series was also obtained at sea level on a ship. On one series of 
experiments several other measurements were made in addition, including the brightness 
ofa searchlight beam measured from the air, and the air-ground transmission. Both these 
formed checks to the nephelometry. 

In the industrial atmospheres a nephelometer was carried on an observation balloon. 
In these experiments the air-ground transmission was also measured carefully ; and it was 
sg to deduce from the results the absorption as distinct from the scattering coefficient. 

hree series of measurements were made over two industrial towns to heights of 3,000 ft. 

The polar distributions of scattered light obtained varied greatly ; there appeared to 
be little correlation with altitude or with scattering coefficient in most cases, though one 
type of curve was usual on and near the ground. Some measurements were made in 
extremely clear air, when distributions not unlike the Rayleigh distribution were obtained. 
There is a hope that the size of the scattering particles might, in some cases, be deduced 
from the shapes of the curves. 

In industrial atmospheres the absorption coefficient seems to be independent of the 
scatter, and there is a slight indication that it is small away from the vicinity of sources of 
pollution. Its amount is very variable. 

The meteorological conditions for each flight are given in an appendix, and another 
appendix outlines other methods which have been tried for obtaining some of the data. 
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Foreword 

The work described in this paper 
forms a part of a programme under- 
taken by a Committee (Sub-Com- 
mittee G: Photometric Properties of 
the Atmosphere; Civil Defence Re- 
search Committee) under the chair- 
manship of P , Esq., C.B.E., and 
is published with official consent. 
The Committee included representa- 
tives of the three Services, of the 
Supply Departments, and of several 
Service esearch Establishments; 
the Meteorological Office, the 
National Physical Laboratory, and 
the Research Laboratories of the 
General Electric Co., Ltd. The direc- 
tion of the work described in this 

per was in the hands of the author, 
ut the work could not have been 
done without the active and cordial 
collaboration of many colleagues in 
his own and other establishments, 


who provided facilities and assisted 
in the experiments in many ways. 

The author wishes to express his 
great appreciation of the help given 
by the following:— 

The Director, Royal Aircraft Estab. 
lishment, Farnborough, who pm. 
vided and equipped aircraft and 
arranged flights; Mr. J. W. Sparke and 


Mr. H. F. Ringe, who took part in 


observations; S.Ldr. McArthur, D.FC, 
R.A.F., and other pilots. 


The Chief Technical Officer, A. and 
A.E.E.; and Dr. Hislop and his staff, 
who provided and equipped aircraft 
and arranged flights, and the 
Meteorvlogical Research Council, who 
granted facilities for the use of their 
aircraft. 

The Chief Adviser, R. and E. Dept. 
Ministry of Home Security, and 
Dr. W. R. Thomas and his colleagues, 
who arranged for the use of a balloon 
and provided laboratory facilities, 

The Royal Air Force, at several 
stations, who provided gear, facilities, 
transport, wireless operators, and 
much assistance; and F't.-Lt. Preston, 
M.C., and the balloon crew. 

The Director, National Physical 
Laboratory; and Mr. B. H. Cra 
who gave invaluable help in the ex. 
periments in particularly difficult 
conditions. 

Mr. M. G. Bennett, L.M.S. Railway, 
and Major Speir, L.M.S. Northem 
Counties Committee, who arranged 
special ground facilities in N. Ireland; 


and Mr. A. R. McGibbon and Mr. 
Watson and their staffs. 

‘The Chief Superintendent, 
R.R.D.E., and Mr. D. E. H. Jones 


and his eres who arranged for 
and operated a_ searchlight and 
assisted in ground observations. 

Finally, Mr. P. Good, who person- 
ally arranged all the necessary con 
tacts and made the whole work po 
sible, and Dr. B. G. Dickins, Ministry 
of Aircraft Production, through whom 
the work was authorised. 

With the exceptions noted in the 
text, the observations were made 
the author and his colleagues, Mr.5. 
S. Beggs, Mr. P. H. Collins and Mt 
J. W. Morse; the last-named 
most of the air observations. 

For reasons of sneunity as well a 
from considerations of length, it 5 
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not possible to discuss some aspects 
of this work; and the many applica- 
tions which have already been made 
of the data cannot yet be disclosed. 
It is hoped in due course to discuss 
some of the related problems else- 
where. 


1—Visibility Problems and the Need 
for Knowledge of Atmospheric 
Properties. 


During the war many problems of 
visibility have arisen, some of them 
of great urgency. With modern 
weapons, if the enemy can be seen he 
can be attacked; and if he is to be at- 
tacked economically and successfully 
he must be seen. Notwithstanding 
the extraordinary achievements of 
“radar,” which can supplement and 
sometimes replace the eye, it is still 
necessary to see the enemy at some 
stage; and the man who can see has 
an enormous advantage. The refer- 
ences in the news to bad visibility, 
nightfall, smoke screens, and fog show 
that the war is a war of eyes; and 
problems of visibility in its broad 
sense have come not only to the 
meteorologist, who has to forecast 
conditions, but also to the illuminat- 
ing engineer and to the designer of 
optical aids, who have to explain the 
mechanism of visibility, increase the 
range of vision, and provide light 
where necessary. The camouflage 
designer has the converse problem of 
making the enemy’s eyes ineffective. 

Seeing at long ranges is also becom- 
ing increasingly important in peace 
as well as in war, particularly as air 
transport expands. Even with all the 
aids available to the pilot and navi- 
eed for use when they cannot see, 

ere are still stages in flying when 

hey must be able to see; and visi- 
bility will doubtless remain important 
until designers of aircraft improve 
ir ance by omitting win- 
dows for the pilot. Air travel pro- 
vides the most striking and important 
example for the need for study of 
visibility; but there are many other 
problems, less spectacular but of great 
importance, in which the properties 
of the atmosphere play a large and 
often unsuspected part. 

Juring the war many problems of 
seeing over fairly long distances have 
arisen, and have been tackled by Sub- 
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Committee G or its predecessor com- 
mittees, or otherwise. ere were 
problems of seeing lights and signals 
and black-out escape; many problems 
involving the use of searchlights 
and flares; problems of _terres- 
trial vision by day and_ night; 
of vision of the ground from the air; 
of air-to-air vision; and camouflage. 
The problems, and the methods of 
their solution, cannot be discussed 
here further than to say that experi- 
ence showed the impossibility of 
making full-scale visibility experi- 
ments which were under control, and 
dictated the use, in general, of calcu- 
lation and reduced-scale laboratory 
experiments in which all the relevant 
factors were introduced quantita- 
tively and under control. The import- 
ance of the effects of the atmosphere 
became apparant at once, and a need 
arose for data of its photometric pro- 
perties in the upper air as well as at 
ground level. The effects of the 
atmosphere could be correctly imi- 
tated in several ways, but there was 
no adequate information of their 
amount in nature.* A_ series of 
problems was hung up for lack of 
data; and it became necessary to set 
to work to obtain at least enough for 
work to be commenced. This paper 
records the work of getting the data 
and the results obtained. 

Speed was very important. Some 
experimental risks had to be accepted, 
and many restrictions, which would 
certainly not have been tolerated in 
the calm of a peace-time research. 
The aim was to get as many data as 
possible, as quickly as possible, of an 
accuracy sufficient to avoid the draw- 
ing of false conclusions. Refinements 
had always to give place to speed. It 
is perhaps worth recording that the 
work was commenced as the result of 
a letter written to Mr. Good jointly by 
Dr. Stiles, of the National Physical 
Laboratory, and the author, dated 
November 1, 1940; and that the photo- 
metric gear was taken to Farnborough 





*Rocard, Rev. d’Optique, 11, p. 193 
(1932), gives a curve of polar scatter 
for the atmosphere at ground level. 

Hulbert, J. Opt. Soc., Amer., 31 (7), 
p. 467 (1941), describes an indirect 
method by which the curve can be found 
at ground level, and gives a few 
examples; also curves derived from ob- 
servations on a searchlight. 
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for installation on the aircraft for the 
first tests on January 21, 1941. In 
less than three months the methods of 
experiment had been worked out, 
new gear designed, and the apparatus 
made and tested. The first experi- 
ments were reported in May, 1941, 
seven months after the initiation of 
the work, and the last part of the 
work here described was reported to 
the committee on October 31, 1942, 
exactly two years after the initiation 
of the work. In the meantime much 
use had been made of the results as 
they came to hand. 


It should also be recalled that the 
work was begun in 1940 at the height 
of the “blitz.” This involved special 
‘difficulties in addition to those inher- 
ent in the problem, such as those of 
allocation of-aircraft; of experimental 
flying, sometimes at night or above 
cloud; the need to avoid balloons, 

uns, and restricted areas; the need 
or radio silence and the difficulties of 
signals in war time; restrictions on 
the showing of lights; restrictions due 
to the movement of aircraft; the re- 
quirement that experiments should be 
made in areas unlikely to be raided; 
arrangements for getting down safely 
and extinguishing all lights in the 
event of a raid, and so on. These 
considerations restricted both the 
types of weather and the localities in 
which the experiments could be made, 
often to a very inconvenient degree; 
and for these reasons alone the results 
cannot be regarded as typical of all 
weather conditions and all localities. 
The experiments are rather an armed 
reconnaissance which has_ brought 
back some interesting information. It 
is hoped that the or may be 
attacked in strength and systemati- 
cally reduced if the results presented 
here are felt to justify further work. 


ll. Nature of the Photometric 
Properties of the Atmosphere. 


In any problem of the projection of 
light or vision over long distances, the 
atmosphere introduces in general a 
twofold effect: an attenuation of all 
direct (unscattered) light passing 
through it, and—if the body of atmos- 
phere is_ illuminated—the  super- 
imposition of a veil of scattered light 
over the scene. Both effects degrade 
contrasts and impair ‘visibility. The 
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distribution of brightness of the ye 
varies greatly according to th 
illumination conditions. Since trans 
mission* varies exponentially with 
distance, the effect of the atmospher 
may predominate at long ranges an 
is often the ruling factor in th 
problem. 

The atmosphere is a turbid medium, 
and scatters light passing through it 
The physical mechanism of scatter 
has been widely and fully discussed} 
and it is not the purpose of this paper 
to add to the theoretical discussion, 
The work described here was limited 
to the measurement of what actually 
occurs, 

For the present purposes, it is suf- 
ficient to consider the atmosphere as 
containing numerous _ transparent 
spherical droplets of water (or dilute 
solutions of salts or acids) of various 
sizes and in various concentrations, 
These particles scatter light incident 
upon them; the size of the particle 
relative to the wave-length of the 
incident light determines both the 
amount of light scattered and its dis 
tribution in space. As Rayleight has 
shown, the molecules of the air them- 
selves scatter light in addition to the 
particles suspended in the air. Par 
ticles of different sizes may be present 
simultaneously, and the incident light 
is generally white, not monochro 
matic, so that many modes of scatter 
will occur simultaneously. There 
may also be present particles of soot 
or other absorbing matter, which 
absorb light and possibly scatter it as 
well to a smaller extent. These par 
ticles may be independent of the 
water droplets. As will appear, in 
many cases absorption does not occur 
in significant amount. 

When a beam of light passes through 
an element of atmosphere of | 
dx (Fig. 1), a small amount of the flux 
in the beam is scattered by the ele 
ment into various directions. The 
fractional rate of scatter is known & 


* See p. 5. 

t E.g., Ryde, Proc. Roy. Soc. (A), Vol 
131, p. 451 (1931). See also Middleton, 
“Visibility in Meteorology,” 
edition, Toronto University Press, whett 
a very complete bibliography will 
found. 

t Rayleigh, Phil. Mag. 41, p. 447; Proc 
Roy. Soc. (A), 84, p. 25 (1910); Prot 
Roy. Soc. (A), 90, p. 219 (1914). 
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the scattering coefficient o; it is the 


fraction of the flux scattered per unit 
length, or 


c= = 


1aF 

F dz 

The scattered flux is not uniformly 
distributed in space, though it is dis- 
posed symmetrically about the direc- 


tion of the incident light. In any 
direction, defined by the angle 6 





from the axis of the incident light, 
the element of atmosphere has a 
candlepower, ig such that 


w = 407 
f idw = —dF =oFdx 
w =0 


where w represents solid angle, or 


A= 29 
ani, sin § d® = oFdx 
6=0 


This candlepower ty has been 


termed the “polar scatter index.” It 
is the candlepower in a stated direc- 
tion of an element of atmosphere of 
unit length, receiving unit flux; and it 
ls conveniently expressed in candles 
per foot per lumen (or—what is the 
same thing—candles per foot cube per 
foot-candle). 

Thus it will be seen that the polar 
scatter index stands in relation to the 
scattering coefficient exactly as the 

epower of a lamp does to the 
flux emitted by the lamp; and the scat- 
tering coefficient can be obtained 
from the polar scatter index by 
integration, using zone factors, Rus- 
sell’s angles, or the Rousseau diagram 





or otherwise, just as flux emitted can - 


Obtained from a candlepower 


There are theoretical reasons for 


FT 


ae 


Scatter from element of atmosphere. 


expecting o and iy to vary with the 


wavelength of incident light, and for 
the scattered flux to exhibit polarisa- 
tion phenomena. Although provision 
was made in the apparatus, to be de- 
scribed, for the investigation of these 
phenomena, it was impossible to in- 
clude the necessary observations, 
partly on account of time and partly 
from experimental difficulties. The 
present work is therefore confined to 
white unpolarised light. 

When pure scattering occurs, all the 
light extracted from the incident light 
reappears without loss as scattered 
light. In that case, the flux remaining 
in the beam unscattered after travers- 
ing a: length x of atmosphere is 


attenuated by a fraction Sep the 


transmission over the length x; by 
integration it can be shown that 
ls = e or 

When therefore pure scattering 
occurs, the scattering coefficient can 
be deduced from a knowledge of the 
transmission over a known distance 
and vice versa; but data of transmis- 
sion do not give information about the 
distribution of the scattered light. 

hen, however, smoke is present, a 
further phenomenon occurs; light is 
attenuated by absorption as well as 
by scatter, and the absorbed light is 
extracted from the beam without re- 
na as scattered light. The 
phenomena of absorption and scatter 
appear to be independent. The ab- 
sorption effect is expressed by an 
absorption coefficient exactly 
similar to the scattering coefficient; 
and the transmission due to absorp- 
tion over a distance zx is given by 
ar 


Lae 


When both absorption and scatter 
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occur simultaneously the transmis- 
sion is given by 


t= e(4+o)© or eAx 


Where A = (a + o) and is known as 
the total attenuation coefficient. (It is 
to be noted that these relationships 
apply only to the attenuation of the 
original, unscattered beam; they do 
not apply to the transmission of dif- 
fused light through a fog, which is 
subject to more complex laws.) In 
many cases in practice absorption can 
be assumed to be absent, and pure 
scattering can be assumed to occur. 


The relationship between transmis- 
sion, range, and attenuation coefficient 
is given in Fig. 2. In this chart a 
series of curves relates transmission 
and range for various values of 
attenuation coefficient. There are 
sevtral interesting features of this 
chart, which is very useful for calcu- 
lations. It shows clearly how a given 
change in scattering coefficient may 
make only a small change in trans- 
mission over a short range, but a very 
large and important change over a 
long range. It is obviously in- 
accurate to deduce the transmission 
over a long range from measure- 
ments over a short one, or to deduce 
scattering or absorption coefficients 
from transmission measurements 
when the transmission is high. On 
the other hand, if scattering co- 
efficients in clean air can be measured 
directly, it is possible to deduce 
transmissions from them with con- 
considerable accuracy, in a uniform 
atmosphere, down to values of trans- 
mission of 1 per cent. or so; lower 
transmissions are seldom important. 


A disadvantage of measuring the 
scattering coefficient directly and cal- 
culating the transmission is that the 
scattering coefficient is found only for 
the place, or places, at which it is 
measured; unless the atmosphere is 
uniform over the range for which the 
transmission is required—or unless 
sufficient determinations are taken to 
ascertain the variation of scattering 
coefficient with distance—the calcu- 
lated transmission may still not be 
correct. This disadvantage is felt 
mainly when the transmission is re- 
quired for photometric work, or in 
connection with a narticular experi- 


— 152 — 





OF THE PHOTOMETRIC PROPERTIES 


ment. For the purpose of collecting 
data on the properties of the atmo 
sphere, however, it is of little moment 
It will be noted that it is meaning. 
less to discuss the transmission of the 
atmosphere without specifying the 
range over which it is assumed ty 
occur. The state of the atmosphere js 
sometimes given in terms of its trans. 
mission over a stated range; either 
per km. or per mile or per 1,000 yds 
n meteorological work, the unit of 
the “nebule” has been proposed by 
Gold* and is often used. After due 
consideration, the Committee decide 
against its use in this work; for the 
data are required mainly for calcul. 
tion of illumination problems, and it 
is more convenient to have the results 
in terms of transmission. It may 
however be useful to indicate the re. 
lationship between the data given 
here and the meteorological visibility 
range as commonly used and quoted 
by meteorologists. This quantity is 
defined as the greatest range a 
which a large black object can be 
seen in daylight against the horizon 
sky. It can be shown _ from 
Koschmieder’s equation; that the 
transmission of the atmosnhere atthe 
daylight ec orem, A range is e to 
the least relative brightness difference 
which the eye is capable of perceiv- 
ing, or about 2 per cent. in hy 
If therefore on Fig. 2 a horizontal li 
is drawn at the value of 2 per cent 
the daylight visibility range core 
sponding to any scattering coefficient 
can be read off; and similarly, know 
ing the visibility range the scatter 
ing coefficient and the transmission to 
any less range can be found, by fol 
lowing up the curve corresponding t0 
that scattering coefficient. The visual 
range for any other condition, eg, a 
night, can be found by drawing al 
at a transmission equal to the just 


* Gold, Quart. J. Roy. Met. Soc., Va 
LXV., p. 139 (1939). A “nebule” isé 
unit of opacity, such that 100 nebules 
reduce the direct transmission to 1/1, 
The fraction of light transmitted 
one nebule is thus 0.933. The op 
of the atmosphere is stated, by this §* 
tem. in nebules per km. (or other ct 
venient distance). The “nebule” # 
analogous to the “decibel”; 1 
= 4 decibel approximately. 


+See Middleton, . “ Visibility ® 
Meteorology,” 2nd Edition, p. 37. 
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Fig. 2. 
ptible relative brightness 
ace, for the condition con- 
ceed, if it is known. The scatter- 
ing coefficients corresponding to the 
standard descriptions of meteorologi- 
cal visibility can be read from Fig. 2. 
The kind of information required 
about the atmosphere in practice 
varies with the problem. Often the 
transmission alone is sufficient, e.g., 
inproblems of vision of distant lights 
at night.. In other cases knowledge 
of the approximate polar distribu- 
tion of scattered light is necessary, as 
insome calculations of the brightness 
of illuminated haze layers; but where 
the haze is illuminated by artificial 
light relatively strongly—for example 
inproblems of searchlights and flares 
it is often necessary to know the 
ie distribution in detail. Know- 
ena 


sees 8 


of the polar distribution will 
hable a comparison to be made with 
distributions calculated from theory 
and may very possibly yield informa- 
tion about particle size in some cases. 
Obviously, if the polar distribution 
of scattered light is measured, the 
scattering coefficient and (in clean 
at) the transmission can be cal- 
culated and the greatest amount of 
information will be obtained. For- 
tunately, it is probably more accurate 
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RANGE 
Transmission, Range, and Scattering Coefficient. 


to derive scattering coefficients from 
polar distributions than to measure 
them directly, since a smooth distribu- 
tion curve is drawn through ob- 
served points; and it has just been 
shown to be more accurate in uniform 
clean air to derive transmissions from 
scattering coefficients than to measure 
them directly. Other advantages of 
seeking to measure the polar scatter 
index will appear. This measurement 
was made the main target of this 
investigation as being the most useful, 
most accurate, and most convenient 
measure of the properties of the 
atmosphere. 

It has been thought by some in- 
vestigators* that there is a further 
optical effect of the atmosphere—that 
it diffuses the optical image of dis- 
tant objects and makes outlines less 
well defined. There is a popular sup- 
position that this is so, and artists 
sometimes draw distant outlines as 
not sharp with this apparent effect in 
mind. The author believes that this 
effect does not really occur in signifi- 
cant amount; and seme recent unpub- 
lished work by Barber, of Kodak Re- 


* Middleton, loc. cit. p. 64. Bennett, 
Quart. Jour. Roy. Met. Soc, LVIII., p. 
259 (1932); LXI., p. 179 (1935). 
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search Laboratories, Harrow, England, 
has confirmed this view by direct ex- 
periment. A reduction of contrasts 
has a subjective effect very similar to 
that of a reduction of sharpness, so 
that the two effects may easily be con- 
fused; and it is interesting that if 
“haze” is introduced artificially into 
a scene by means which cannot 
possibly affect the definition there is 
nevertheless a strong impression that 
the definition has been impaired. 

There may, of course, be a loss of 
definition due to inequalities in re- 
fractive index of the air; but this is a 
different phenomenon. 


ill. Apparatus for the Measurement 
of Scatter and Transmission, etc. 


The problems for which informa- 
tion was required demanded informa- 
tion of the atmospheric properties not 
only at ground level but also at high 
altitudes; and many methods were 
considered before the conclusion, 
stated in the last section, was reached. 
Mr. E. Gold, F.RS., of the Meteoro- 
logical Office, gave the valuable ad- 
vice that observations, say of trans- 
mission made from the ground to 
successive heights in order to find the 
transmissions in upper layers, would 
be vitiated by the relatively great 
amount of scatter likely to be found 
near the ground, and by the changes 
likely to occur there. Reliable in- 
formation of conditions in the upper 
air could only be obtained by going 
up to get it. This involved observa- 
tions made from an aeroplane at vari- 
ous altitudes. 


The Committee was at that time 
much concerned with transmission as 
such, rather than with scatter; but it 
became obvious that the transmission 
of the atmosphere over a known dis- 
tance at a given altitude could not be 
measured successfully from aircraft 
for many practical reasons. It would 
involve two aircraft keeping station 
at night, at accurately known range, 
which alone is extremely difficult to 
arrange, apart from the instrumental 
difficulties. Measurement of scatter, 
however, could be made by a self- 
contained and small apparatus which 
could be operated by one observer in 
one aircraft, an advantage even 
greater than those of - increased 
accuracy and usefulness already 
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stated. Ayperstus for this measur. 
ment was therefore developed. 


(1) PoLak NEPHELOMETER. 

The apparatus and method uy 
were developed as the result of a hin 
given by some work by. J. L. Russel 
at the yal Aircraft Establishmey 
He had <n @ to measure fh 
transmission of the atmosphere x 
high altitudes by measuring th 
brightness of the light seattenni back. 
wards from the beam of a _projecto 
carried by an aeroplane. The 
meter was placed in the aircraft neq 
to the projector and rigidly fixed, Th 
apparatus was calibrated from obse. 
vations of transmission made by 
other means along a ground 
which were compared with the bright. 
ness readings of the photometer mak 
simultaneously when the aircraft ws 
grounded. This method was subjec 
to some disadvantages and limitations 
imposed by other considerations, o 
which its author was well aware, but 
which could not then be avoided; a 
for some time his three ascents 
vided the only photometric data of the 
upper atmosphere. 

Inspired by this attempt, an appar. 
tus was developed which is shownin 
its final form in Fig. 3, and diagram 
matically in Fig. 4. The com 
description of the instrument will, i 
is hoped, be published separately. Th 
principle is briefly as follows: Light 
from a 240-watt lamp (A) is om 
densed by an ellipsoidal mirror (8) 
and brought to a focus at an apertur 
(D), formed in a screen and measir 
ing }-in. wide by #-in. high. A slightly 
diffusing glass (C) is used to reduc 
striation of the beam at the aperture 

A visual photometer (P) 3 
arranged to measure the brightness 
the beam as it emerges from th 
aperture. Since the brightnesses cot 
cerned are very low, a black light 
trap (T) is placed behind the part 
the beam viewed; the brightness 0 
this trap is negligible, and the phole 
meter is so designed that it canm 
see anything else. Light from i 
lamp is very carefully screened 
c2nnot reach the photometer or tt 
light trap. The whole assembly ¢ 
screen, aperture, photometer, 
light trap can be rotated about # 
axis at right angles to the beam om? 
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tumtable; the screen rotates abeut an 
axis offset from that of the photo- 
meter and is driven by gearing. Thus 
the photometer can measure the 
brightness of the beam at all angles, 
eewshin 15 degrees of the axis of 
the , and the polar scatter in- 
dex can be calculat 
meter readings. 
Since the aperture is rotated, the 
ight flux in a uniform beam would 
be varied as the sine of the angle of 
view, It happens that a sine term 
enters in the calculation of the polar 
scatter index, and it is convenient to 


from the photo- 





Fig. 4. Polar nephelometer optical system. 
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ie Fig. 3. Mark II(b) nephelometer erected on board used on the balloon (without telephotometer). 


introduce it mechanically in this 
way, for the rotation of the screen is 
most desirable for reasons of screen- 
ing and mechanical design. Slight 
non-uniformity of the light beam in- 
troduces small deviations from a sine 
curve which have been determined 
and are allowed for at each angle. 

The photometer finally used was 
designed for the apparatus. It is a 
simple visual photometer with a 6- 
deg. bipartite field and a 7.5 mm. 
artificial pupil, so that it is suitable 
for low-brightness observations. 

To avoid stray light optical parts 
are reduced to a minimum; there is 
one lens and a prismatic field of 
simple design consisting of two 
prisms cemented together, one half of 
the interface being silvered. Two 
stops are so placed with respect to the 
lens that images are formed of them, 
one at the mouth of the light trap 
and one opposite to the aperture in 
the screen at D. 

The comparison lamp, a 4volt 8- 
watt krypton. filled miner’s lamp, is 
run from a potentiometer connected 
across the main lamp; this arrange- 
ment reduces the effects of fluctua- 
tions of the supply voltage, though 
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owing to differences in the lamp 
characteristics they are not elim- 
inated. Light from the lamp illu- 
minates an opal glass plate, and the 
comparison brightness is obtained by 
viewing this plate through a_loga- 
rithmic photometric wedge and com- 
pensator. A further neutral filter 
can be inserted on the comparison 
side and is normally in for readings 
and out for calibration. On the test 
side there is a neutral filter, normally 
out for observations and in for cali- 
bration; when in the “out” position 
this filter forms an additional screen. 
The wedge has a range of 1,000:1 and 
is moved by a rack and pinion; a scale 
attached to it can be read via a small 
mirror by moving the eye slightly 
from the eyepiece. The long range 
of the wedge is very convenient. 


Provision was made in the eyepiece 
for the insertion of colour filters or 
“Polaroid” screens, for the investi- 
gation of the chromatic and polarisa- 
tion phenomena. Unfortunately 
there has been no opportunity to 
make the necessary observations, 
which are in any case difficult on 
account of the very low brightnesses 
which occur. Even had they been 
simple to make, the complication in 
the procedure would have been pro- 
hibitive. 

In the early stages of seveonen 
of the nephelometer a photoelectric 
method was tried; but it was-evident 
that the method was _ insufficiently 
sensitive. Even had the sensitivity 
been sufficient, however, there would 
have been the problem of developing 
very sensitive photoelectric gear 
which would be satisfactory in the air. 
There can be little doubt that had the 
idiosyncracies of photoelectric and 
electronic devices in their develop- 
ment stages been added to all the 
other troubles of these experiments, 
no results would have been forth- 
coming at all. 


In order to calculate the polar scat- 
ter index, it is necessary to know the 
flux of light in the beam. An attach- 
ment enables this to be measured by 
the same photometer very simply. A 
bar is clamped to the turntable, carry- 
ing two white matt opal glass plates 
fixed parallel to each other at a 
known separation. The larger one is 
so located as to receive the whole of 
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the beam-of light upon it, and acts, 
a source of light which  illuminai, 
the second plate. This plate ; 
arranged to lie just in front of th 
light trap, in a position in which jx 
brightness can be measured by th 
photometer. From the brightness 
this pee. the two reflection facto 
and the separation of the two platy 
the light flux falling upon the fix 
plate can be calculated. This calibp,. 
tion is made when the turntable is % 
at 90°. Since the same photometer; 
used for the calibration and the o 
servations, there is no need for aby. 
lute calibration of the photometer 
and the instrument is thus complete) 
self-contained. 

The value of this was shown on om 
occasion when a fault developed whik 
the instrument was in use in a ballon 
at 1,500 ft. It was possible to tak 
down the lamphouse, repair the fault 
refocus and recalibrate, without d& 
scending; the whole matter occupi 
10-15 min. An apparatus 
more elaborate calibration might hav 
prejudiced the whole night’s work. h 
any case, in the difficult experiment 
which are described later, there is 
great advantage in a calibrating at 
tachment which enables the instn- 
ment to be checked frequently. 

The apparatus measures 20 in x 
22 in. x 14 in. high overall (allowi 
for the swing of the turntable), 
its weight is 36 lb., including a vot 
meter and resistance. It is run from 
an aircraft battery (12 volt, 36 am. 
hrs.), weighing about 36 lb.; this is 
sufficient for one night’s work, i- 
volving eight or more curves. A pal 
curve can be taken in about 6 mm, 
including calibration. 

This is the final form of the appar 
tus. On the earlier investigations, 2 
preliminary and much clumsier appa: 
atus was used, with a lens con 
and a 30 volt, 30 amp. lamp. A double 
set of batteries was carried, we 
about 270 lb. The photometer wasé 
precision illuminometer, with a separ 
ate control box and battery. 
bration with this equipment was 
more awkward, as the photometer hal 
to be disturbed and subsequently 1 
aligned, and the alignment of the 
strument and of the screens then us 
was a delicate operation. Vibratio 
was a constant anxiety, lest the 
strument should be shifted; it neve 
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did, but the adjustments had to be 
checked frequently. 


(2) APPARATUS FOR MEASUREMENT OF 
Am-GROUND TRANSMISSION. 


In some of the experiments to be 
described, it was decided to measure 
the transmission from air to ground 
for various heights. Since it would be 

ible to calculate this transmission 
~_ the nephelometer observations, 
the overall transmission measurement 
would provide a check and would give 
evidence about the presence or 
absence of absorption. The decision 
was not altogether wise, for if two 
methods are to form a satisfactory 
check on each other they should be 
of at least comparable accuracy; and 
as will appear the transmission 
measurement is exceedingly difficult 
to carry out from considerable alti- 
tudes from an aeroplane. 

The simplest and most suitable 
method* of measuring air-ground 
transmission is to measure the bright- 
ness of an extended surface on the 

und, by an airborne instrument. 

The transmission is the ratio of two 
readings, one taken at close range and 
the other from the distant point; the 
distance does not enter into the cal- 
culation, and the photometric range is 
short so that scale errors are mini- 
mised. No absolute calibration is re- 
quired. The difficulty is to provide 
an instrument capable of measuring a 
surface of reasonable size from the 
greatest height concerned and in the 
conditions of vibration and iscom- 
fort inseparable from observations 
from aircraft. 

It happened that a small tele- 
photometer was avilable of the tele- 
scope type+ in which the observer 
sees an image of the distant view, in- 
cluding the target; and, included in 
the field, a small patch the brightness 
of which he can control. It was found 

by experiment that this instrument 
should enable observations to be made 

on a 40 ft. white sheet on the ground. 

It was designed for use on a stana, 

and for the present purpose it had the 

disadvantage of having a very small 
and inverted optical field. This made 


* See Collier, L. J., Trans. Ill. Eng. 
Soe. (London), 43 (10), p. 141 (1938). 

+ Waldram, J. M., Illum. Engineer, 27, 
p. 311 (1934). (This describes an earlier 





form of the instrument.) 
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the instrument particularly difficult 
to train by hand; the observer inevit- 
ably moved it in the wrong direction 
and lost the target, and could not find 
it again in time. It was found from 
experience that a single observer in an 
aeroplane could not simultaneously 
train the instrument and make the 
photometric balance when the target 
was small. 

Accordingly, an arrangement was 
used in which two observers took part, 
one training the instrument on to the 
target while the other performed the 
photometry. The training observer 
used a pair of field glasses having a 
small luminous spot in the field, and 
the axes of the binoculars and of the 
photometer were set parallel so that 
when the image of a distant object 
was aligned with the luminous spot 
in the binoculars, its image also coin- 
cided with the comparison patch in the 
telephotometer. he gear used is 
shown in Fig. 5. The two instruments 
are clamped in fixed positions in a 
frame with their axes parallel, and 
view the ground through two plane 
mirrors of good quality. The first is 
fixed, and the second is on a ball 





Fig. 5. Telephotometer apparatus. 
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joint; the training observer places his 
and on this mirror and moves it 
about to find and aim at the target. 

Even with this arrangement, the 
measurement is one of great difficulty. 
There is considerable vibration, and 
the image is never steady in the field 
of view; the aircraft is liable to lurch 
and bump at critical moments. The 
balance should be made as the target 
passes beneath the aircraft; it is then 
necessary to wait while the aircraft 
turns and makes another run before 
another balance is possible. The tar- 
get, at the greatest altitude of obser- 
vation (18,000 ft.) is very small, it sub- 
tends only about 7 minutes of arc, or 
about the size of a full stop in these 
Transactions. 

In later experiments to be de- 
scribed, similar observations were 
made from much lower altitudes 
(3,000 ft. maximum) from a balloon. 
In this case the complication of the 
second observer was unnecessary: 
there was no vibration, and the target 
remained stationary so that the obser- 
ver could take his time, and the sub- 
tense of the target was very much 

reater. For these observations, there- 
ore, the instrument was simply held 
in the hand and quite accurate results 
were obtained. 

The ground target was a white 
cotton sheet, laid om the ground on 
tarpaulins in the earlier experiments 
and illuminated by four 200-watt tung- 
sten filament lamps in dispersive re- 
flectors, mounted on scaffold poles, 
about 20 ft. high. In ihe earlier ex- 
periments, from aircraft, the sheet 
was 40 ft. square. In later experi- 
ments from the balloon, in which much 
greater accuracy was called for, the 
sheet, which was 20 ft. square, was 
suspended clear of the ground on 
short posts about 2 ft 6 in. high, held 
upright with tent guys. The sheet 
then fell in smooth curves, and its 
brightness was much more uniform; 
and changes in reflection factor were 
avoided which occurred when frost 
formed on the sheet or dew wetted 
it. The sheet in this latest form is 
illustrated in Fig. 17. It was very con- 
venient, and once the pegs were in 
it could be erected in 10 minutes. 

In these later experiments, it was 
also necessary to know the transmis- 
sion of the air at ground level. This 
was determined by observations with 


the same telephotometer, mounted on 
a tripod with a traversing head, and 
observing a target consisting of a 
per mpees gts painted matt white 
inside and illuminated by a smal 
12 volt, 36 watt opal bus lamp moun. 
ted at its centre; a small screen ob 
structed the view of the lamp itself 
The brightness of this hemisphere 
was very nearly uniform, and it was 
successfully observed at a r of 
900 ft. It can be seen in the photo 
graph of Fig. 18. It was placed in the 
back of a small van and run from the 
van battery through a special circuit 
with rheostat control. 


(3). Low BRIGHTNESS PHOTOMETER, 


In one seperate it was decided 
to measure the brightness of the beam 
of a searchlight, exposed vertically, 
from an aircraft as it flew past the 
beam at known altitudes. e beam 
brightness was low, and there were 
no suitable photometers available for 
its measurement. A special instru. 
ment was therefore constructed for 
the purpose, which will be only 
briefly described here. 

The instrument is shown in section 
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Fig. 6. Low brightness photometer. 


-_— 158 — 











EPPS cesgeSS esses 


8 SeSsSFs52 





Witws 


OF THE UPPER ATMOSPHERE 


in Fig. 6. It consists of a rectangular 
pox, divided into two compartments 
a horizontal partition bearing an 
opal glass on its lower side and an 
iris diaphram on its upper side. The 
iris thus provides an aperture of vari- 
able size, over the opal, which is 
jluminated by a small screened lamp 
in the lower compartment. This 
aperture acts as an illuminator for a 
second opal glass mounted in the top 
of the box; there is a screening system 
to prevent reflections from the sides. 
A mask is placed over the opal so as 
to leave a 2 in. square visible from 
above, and over this square is a piece 
of neutral glass having a transmission 
of about 0.05. Around the square is 
a border of dense white matt opal 
which forms a test surface and 
enables the instrument to be used as 
an illuminometer; the brightness of 
the border, illuminated by light fall- 
ing on the box, is matched against that 
of the centre square. The neutral 
s has a double function: it reduces 

e brightness of the central square 
to the desired range, and it also acts 
as a light trap, preventing the test 
illumination from affecting the bright- 
ness of the comparison surface. Any 
light falling upon the comparison sur- 
face has to pass through the neutral 
glass twice. 

To use the instrument as a bright- 
ness meter, the opal border is ignored 
and an attachment is added having a 
strip of mirror, about 1 in. wide and 
3 in. long, set at 45 deg. at the top of 
the instrument. The mirror reflects 
the brightness of the central compari- 
son surface, and the brightness of dis- 
tant objects is obtained by matching 
them with the brightness of this 
image. The edge of the mirror forms 
the photometric boundary; it is verti- 
cal and forms a very suitable means 
for measuring the brightness of the 
vertical searchlight beam, provided 
that the beam is not too far distant. 

Two filters, a neutral and a blue, are 
provided which can be inserted in the 
comparison side at will. The lamp is 
fed from a battery and controlled by 
artheostat and voltmeter in a separate 
control box. 

The instrument allows the free use 
of the eyes without artificial pupils, 
and provides a large photometric 
field, It was convenient and easy to 
use, and enabled measurements to be 
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made of brightnesses of a few mil- 
lionths of an equivalent foot-candle 
from the air without difficulty; the ob- 
server could go to either side of the 
balance point with certainty. Its 
range is from about. 5 x 10° to 
5 x 10° equivalent foot-candles. 


IV. Measurements made in Clean Air 


Three series of measurements have 
been made from aircraft in air be- 
lieved to be free from industrial pol- 
lution and to heights up to 30,000 ft. 
A fourth series was made at ground 
level. The first series was by far the 
most elaborate, and it will be de- 
scribed in some detail to give an in- 
dication of the organisation of 
experiments of this kind. 


(1) First Series: Spring 


The first series of observations was 
commenced in January, 1941. Trouble 
with the aircraft delayed the start, 
and an expedition started for North- 
ern Ireland, where the experiment 
was to be made, on February 24, 1941. 
This expedition was, however, unsuc- 
cessful, owing to furtheretrouble with 
the aircraft. After some further de- 
lays, a Wellington Ic aircraft was 
allotted to the work; the apparatus 
was improved and installed, and a 
nab left for Northern Ireland in the 

ellington on April 23. Northern 
Ireland was made the base for the 
trials partly for operational reasons, 
for it was necessary to find an area 
likely to be free from air raids; more- 
over, it was desired to make some 
further observations on other experi- 
ments, in the course of the atmo- 
spheric flights, for which the ground 
gear was already installed in that 
neighbourhood. For technical reasons 
Ireland was not so suitable, for the 
atmosphere there has the reputation 
of being unusually clear; but that 
Fortunately, 
very clear air was not encountered in 
the experiments. But by the time the 
experiments had commenced, air 
raids had reached the region and 
interfered with the work to some 
extent. 


(a) Experiments planned 


The following experiments were 
planned on the atmospheric work :— 


(i) Nephelometry of atmosphere. 
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(ii) Measurement of air - ground 
transmission. 
(iii) Measurement of brightness of 
a vertical searchlight beam, at 
two values of arc current. 
(iv) Observations with Russell’s 
method. 
(v) Measurements of 
ground brightness. 
(vi) Psychrometer observations. 
All the above observations were to 
be made at a series of altitudes from 
the ceiling of the aircraft downwards, 
at intervals of 5,000 ft. It was in- 
tended to make some observations of 
a visibility experiment in addition. 

Such a programme of observations 
in an aircraft involves the most care- 
ful organisation if it is to succeed. It 
is a tribute to all the many collabora- 
tors who helped both in the air and 
on the ground that the programme 
was completed and was in the main 
successful. 


The party was as follows:— 


sky and 


(Air) 
Mr. J. W. Sparke (R.A.E.): Re- 
corder and liaison. 
Mr. B. H.*Crawford (N.P.L.): Ob- 


server for visibility experiments. 
Mr. J. W. Morse and Mr. J. M. 
-Waldram (G.E.C. Research La- 
boratories): Observers for atmo- 
spheric experiments. 


S/Ldr. McArthur, D.F.C., RAF. 
(R.A.E.): Pilot. 
(Ground) 


Mr. A. R. McGibbon (L.M.S. Rail- 
way); Mr. Marshall (N.C.C.) and 
staff: Visibility experiment and 
telephotometer target. 

Mr. D. E. H. Jones (R.R.D.E), 
and three colleagues: In charge 
of searchlight and ground obser- 
vations. 


Installation of Apparatus in 
Aircraft. 

The apparatus was installed in the 
aircraft by the Royal Aircraft Estab- 
lishment. As originally planned, the 
experimental gear was concentrated 
amidships, with the intention that 
two observers there could work all 
the instruments, reporting their read- 
ings by telephone to the recorder who 
would be seated at the observer’s 
position, where there was a suitable 
desk, lighting, etc. The observations 
on the searchlight beam were to be 


(b). 
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made from the astral dome further 
forward. 

This arrangement was used for the 
first flight, which was, however, yp. 
successful, as the marker flares wep 
too weak and could not be seen. On, 
second attempt a collision occurrej 
with another aircraft on the gro 
and the Wellington was _ rendere 
completely unserviceable. The fo. 
lowing night a Battle aeroplane 
was made available, and Mr. We 
ford and the writer made an attempt 
to make the visibility observations 
but an air raid occurred and the flight 
was interrupted. Next day, as the 
result of arrangements made by 
Mr. Good and Dr. Dickins, another 
Wellington was allotted to us; but it 
was necessary to remove all the fix. 
ings and apparatus from the original 
aeroplane and transfer them to the 
new one; this was a big undertaking 
The new machine was a later mark 
and differed sufficiently from the old 
one to make it impossible to fit the 
telephotometer amidships, but with 
the aid of a bracket made by the 
maintenance unit at the aerodrome, 
it was fitted in the bomb-aimer’s posi- 


tion in the nose. The gear was 
successfull transferred by Mr. 
Sparke, Mr. Morse, Mr. Crawfo 


and the writer, using the resources of 
a laboratory tool-box. Enough was 
installed on the first day for a suc 
cessful observation flight that night; 
observations were also made on the 
searchlight. The weather was uD 
suitable for flying on the next two 
nights, but the installation was com- 
pleted and a day test flight made. On 
May 1 and 2 two complete flights were 
made, the first successful except for 
the telephotometer observations, and 
the second entirely successful. 

The installation of the gear in th 
aeroplane, as actually used, is shown 
‘in Fig. 7 and in the photographs 
Figs. 8 and 9. The nephelometer wa 
mounted on a board together 
the necessary resistances, swittee 
and voltmeter; the batteries, w 
were provided in duplicate, were 
placed forward on the other side 
a main frame. The photometer col 
trol box was fixed on the lower float. 

Air from outside was led to the 
nephelometer by a pipe, which at it 
outer end faced forward and ws 
arranged to pass the air to the poitt 
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Fig. 7. Arrangement of 


at which measurements were made 
with as little disturbance as possible. 
It was realised that if changes of 
pressure occurred, the physical state 
of the air might be altered; and the 
pipe was lagged and arranged to 
cause little change to the pressure or 
temperature. Later information 
showed that the arrangement first 
used was far from ideal, and on the 
later series (Series III) a much im- 
proved air pick-up was _ provided. 
Nevertheless, there seems no reason 
to suppose that the air suffered serious 
change even on the first tests, as the 
independent checks were satisfactory. 
The Russell apparatus, made by 
RAE., was mounted on a plate in one 
unit and arranged to project the light 
from one of the side windows. 
Itconsisted of an aircraft landing pro- 
jector, rigidly mounted and perman- 
ently focused, and a Holophane 
Lumeter, modified to have a large 
field and fixed to view the 

veam Irom a position about 1 ft. from 
its axis, The projector was run from 
same batteries as the nephelo- 
and the same voltmeter was 
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used. The psychrometer was fixed 
aft of the nephelometer control box, 
and received air from an air scoop. 

A small perspex window was made 
in the floor, opposite to the psychro- 
meter, for the measurement of ground 
brightnesses. 

The location of the telephotometer 
in the bomb-aimer’s position in the 
nose involved several difficulties; the 
position was designed for one man, 
and it was very uncomfortable to 
have two observers there. There 
were also difficulties. about tele- 
phone and oxygen points for the 
second observer; and, finally, in the 
provision of the extra observer him- 
self. Mr. B. H. Crawford, of N.P.L., 
volunteered to act in this capacity, 
although he had come only for the 
—« work and had no flying 
suit. 

The photographs Figs. 8 and 9 show 
the equipment amidships in the air- 
craft and the telephotometer in the 
nose respectively. 


(c) Procedure, 


The tests were arranged as follows: 
Mr. J. W. Sparke acted as controller, 
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Fig. 





(Photo. Royal Aircraft Establishment : 
Crown Copyright Reserved.] 
Fig. 8. Observer using nephelometer 
in rear of Wellington bomber. The 
Russell apparatus can be seen on left 
top: Nephelometer control box and 
psychrometer right foreground at 
observer's feet, window left foreground. 
The astral dome is in roof in back- 
ground. 


with the duties of recording all 
observations, seeing that all were 
completed, giving instructions to the 
observers and to the pilot, and in- 
structions for signals to ground. He 
had no observations to make himself. 
The provision of a controller on intri- 
cate field tests has been found to be of 
great value, and on such a test as this 
it was essential. Mr. Crawford and 
Mr. Morse operated the telephoto- 
meter in the nose. The writer oper- 
ated the nephelometer, Russell 
apparatus, and other gear amidships 
and took observations on the search- 
light. 

The aircraft took off in the late 
twilight, and proceeded to the test 
area, which was defined by two 
paraffin “Money” flares on the 
ground; a climb was made to ceiling, 
which in this aircraft was only 
18,000 ft. owing to slight trouble with 





ad 


[Photo. 





Royal Aircraft Establishment : 

rown Copyright Reserved.) 

Telephotometer gear in nose of Wellington 
omber. 


engines. Observations began at ceil- 
ing and were made at successive 
levels during the descent. Before 
taking off, nephelometer observations 
were taken and a reading on the 
Russell apparatus. At each level, the 
schedule shown in Table I was carried 
out. 

This programme was carried out at 
18,000 ft., 12,000 ft., 7,000 ft., 4,000 ft, 
and 2,000 ft. On returning to base, ob- 
servations were taken at ground level 
with the nephelometer and R 
apparatus, and the nephelometer was 
recalibrated. The ground team meas 
ured the brightness of the white 
target during the observations, using 
a photometer later checked against 
the telephotometer. 

The observations at each level, and 
the descent to the next level, required 
about 30 min. The time of each ob 
servation was logged both in the air 
and on the ground, as a_ precaution 
against getting out of step. For oper 
ational reasons, radio could not | 
used for communication, so ligne - 
nals were given by the aircraft 1 
ing lamp directed vertically down 
wards. 


(d) Experimental conditions. 

(i) Personal——In assessing the re 
sults of the experiments and the de 
sign of the tests, it is necessary 1 
realise the conditions under which ob 
servations have to be made. They are 
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Table I. 
Ground ; , Front | Rear 
Team Aircraft Signal Observers Observer | 
' Expose S/L Run past S/L a —- Measure beam bright- | 
Current A ness, Current A | 
| — Signal to — | 
ground | 
Dowse 8/L Measure Sky Bright | 
}| Tluminate Make runs over — Measure (Disconnect and re- | 
target target Target turn to rear posi- | 
Bright- tion) 
ness Measure Ground | 
Brightness. 
Change carbons ‘6 — ve Read Peychrometer | 
for Current B (Reconnect) | 
§ Nephelometer 
Observations 
Russell Apparatus 
” saci 9% Observations 
+ Re Signal to _— (Move to dome) 
ground 
Dowse target — _— - 
Expose S/L Run past 8/L o — Measure beam bright- | 
Current B ness, Current B 
\ 
ee Descend to next + — (Remain at dome) 
altitude 
{ ‘ Run past 8/L — -—- Measure beam bright- | 
2 ness, Current B 
3 R ve Signal to -— | 
: ground 
e (om eee ae CE ee 
“| Dowse 8/L — — Measure sky bright- | 
| nesses | 
And so on. 








familiar to those used to aircraft, but 
are seldom recorded for the guidance 
of others. The photometry was of a 
kind which is difficult even in labora- 
tory conditions; brightnesses were 
low, and the telephotometry 
would have been far from easy even 
with the instrument on a rigid stand, 
the air, the conditions make good 
photometry very difficult. The ob- 
servers have to wear heavy flying 
suits, gloves, and flying boots, and a 
parachute harness which makes bend- 
Movement difficult and slow. 

é and face masks are worn 
with telephones, phone leads and oxy- 


gen pipe; the latter restricts move- 
ment considerably, and had to be dis- 
connected and reconnected whenever 
the observer moved from one position 
to another. One observer wore a cap 
lamp, which was invaluable but in- 
volved another wire. The noise is such 
as to make conversation without tele- 
phones impossible; readings must be 
passed by the intercommunication 
telephone, and the speech quality is 
often not very good, so that all read- 
ings must be passed slowly and called 
back. The use of oxygen is impor- 
tant as anoxia causes a rise in the 
visual threshold, and at 18,000 ft. it 
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is necessary in any case; to move 
down the machine in flight from one 
oxygen point to the other, carrying 
the photometer, is surprisingly ex- 
hausting. 

(ii.) Vibration.—The main difficulty 
is vibration and the movement of the 
aircraft. Vibration is serious, and in- 
struments not designed to withstand it 
may suffer. Anything loose must have 
a proper stowage, or it falls down and 
is lost or is trodden on and damaged. 
All gear must be fixed down for 
safety, for in a heavy bump it might 
damage itself or the aircraft. Instru- 
ments may become unclamped or go 
out of alignment. The taking of pho- 
tometric observations in these condi- 
tions is very trying, particularly with 
the telephotometer, for the target 
image is never steady. Rubber eye- 
pieces were necessary, not only to ex- 
clude light but also to protect the eye 
in bumps and to act as thermal insula- 
tion. 

(iii) Temperature—The temperature 
becomes very low at high altitudes, 
and this may affect the apparatus as 
well as the observers. here was 
cabin heating on this aircraft, but it 
was turned off during nephelometry 
as a precaution. At low temperatures 
the observer tends to freeze to the eye- 
ae or to any other metal surfaces; 

atteries lose capacity, and dry bat- 
teries lose volts; and on descending 
glass surfaces may frost over so that 
optical apparatus becomes unusable. 
On the first series, therefore, heating 


Fig. 10. 
Nephelometer in Boston 


bomber. 


[Photo. Royal Air Force, 
Crown Copyright Reserved.) 


jackets were provided for two of the 
photometers, and batteries were lag. 
ged as far as possible. Two main bat- 
teries were provided as a precaution, 
Actually, little trouble was experi- 
enced with low temperatures on this 
series of experiments; but in later ex. 
periments it was more serious, 

AUTUMN. 


(2) SECOND SERIES: 


WINTER. 


In October and December, 1941, it 
became possible to make further 
ascents in a Wellington aircraft cap. 
able of flying to much greater alti- 
tudes and carrying the nephelometer 
only. The instrument was substanti- 
ally the same as that carried on the 
first series. The flights were made in 
daylight, the interior of the aircraft 
being blacked out as the photometer 
field brightness was very low. These 
observations were made by Mr. J. W. 
Morse and Mr. P. H. Collins. On these 
flights the temperature was very low; 
the air temperature, by the aircraft 
thermometer being as low as — A2 deg, 
C. on one occasion. In the cabin it 
was extremely cold and the observers 
were in considerable discomfort; no 
bare metal could be handled, and it 
was necessary to observe only on the 
ascent, because on the descent all 
glass surfaces frosted over. Four 
ascents were made, to altitudes of 
closely 30,000 ft. The polar distribu- 
tions obtained were very different 


from those in the first series, 
showed some most interesting types; 
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the results are discussed below. These 
curves were obtained over various 
parts of England. 


(3) THIRD SERIES: SUMMER. 


In May, 1942, it became possible to 
make a further series of high flights, 
this time by collaboration with A. and 
AEE. in a Boston III aircraft which 
was flying on experiments for the 
Meteorological Research Council. A 
new nephelometer had been built, of 
the type shown in Fig 3 and running 
from a single battery. and the instru- 
ment was placed in the rear position 
in the Boston, where it could be 
worked by a single observer. The 
air pick-up was much improved, on the 
advice of A. and A.E.E., and consisted 
of a single 24-in. copper tube facing 
the relative wind clear of the fuselage 
and in a region as free as possible 
from turbulence. The a in 

ition is shown in the photograph, 
ig. 10. Seven ascents were made in 
daylight with this apparatus, to 
30,000 ft. in May and June, 1942. Very 
interesting results were again 
obtained, in both extremely clear con- 
ditions and in slight hazes extending 
to great heights, over various parts of 
England; the results are given below. 
The observations were made by Mr. 
J. W. Morse. 


(4) FourtH Serres: Sea LEVEL. 


In January and February, 1942, it 
became necessary to determine the 
atmospheric properties during some 

ials at sea, and a nephelometer was 
taken on a ship, placed in a small 

-room with a door at each end 
so that the air could pass freely 


through the room. A large number: 


of polar distributions was taken dur- 
ing these trials, one set of which is 
given below. Since then the nephelo- 
meter has been loaned to H.M.S. Ver- 
non, who have taken many more 
sea-level observations with it. During 
the sea trials it was noticed that if one 

the doors was accidentally closed 
the readings immediately became 
erratic—a tribute to the sensitivity of 
the nephelometer. 


(5). Resutts rn CLEAN AIR. 
(a) Polar Scatter Index. 


The polar distributions obtained in 
clean air in the four series of obser- 


vations described above are shown in 
Fig. 11 (a-n). Only one set is shown 
from the fourth series. The distri- 
butions are such that they cannot be 
usefully plotted on polar co-ordin- 
ates, and they are therefore shown 
on rectangular co-ordinates with the 
polar scatter index on a logarithmic 
scale. The curves have been plotted 
on the observed points without fairing, 
including the irregularities as found. 
Many of these are doubtless due to 
experimental errors; but since it can 
be shown theoretically that in some 
circumstances such features may 
occur on the distribution curves, they 
have not been faired out. 


(b) Scattering Coefficient and Air- 
Ground Transmission. 


In Fig. 12 the scattering coefficients 
calculated from the polar scatter have 
been plotted as a function of altitude 
for the various ascents. It will be 
seen that the results all refer to atmo- 
spheres which would be classed as 
having “Moderate” to “Excellent 
Visibility ” (see Fig. 2), and that some 
in Series III. show extremely low scat- 
ter, in some cases owing to the lower 
air density, less than that due to pure 
air (Rayleigh scattering) at ground 
level. It is interesting that it was 
possible to measure the polar scatter 
in such extremely clear air—corre- 
sponding to a meteorological visi- 
bility range of 300 km—from an 
aeroplane at 30,000 ft. Fig. 12 also 
shows the transmission, air-ground, 
from various heights from each 
ascent, calculated from the scatter- 
ing coefficients. 


(c) Other Results from Series I. 
(i) Telephotometer Measurements. 


These were extremely difficult to 
make accurately, and a complete 
series was obtained on one occasion 
only. They can act as a check only 
if the atmosphere does not absorb and 
if it does not change during the period 
of the observations. It must be re- 
membered that the nephelometer 
observations covered a piece of the 
atmosphere about 20 miles long and 
three and a half miles high; the tele- 
photometer and searchlight observa- 
tions were confined to a column in the 
middle of this region. The telephoto- 
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Fig. 12 (a). Variation of scattering coefhcient with height. 
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meter procedure adopted on this 
early trial did not include many pre- 
utions which later experience dic- 
tated; some could not be taken for 
practical reasons. It was not alto- 

r surprising that the results 
when plotted and extrapolated to 
ro altitude indicated a transmis- 


32 000 


13. This result, while not entirely 
satisfactory, was felt to be encourag- 
ing, as giving no indication of either 
the presence of absorption or of seri- 
ous systematic error in the nephelo- 
metry. 

(ii.) Searchlight Beam Brightness.— 
The searchlight beam brightness can 
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Fig. 12 (b). 


sion of 140 per cent. instead of 100 per 
cnt. The cause of this obvjous 
error was never found; and the best 
that could be done was to reduce the 
observations by a factor of 1.4. When 
this was done, however, it was found 
that the plotted points lay about the 
curve calculated from the nephelo- 
meter observations, as shown in Fig. 


€ 





Fig. 13. Observed and calculated air-ground 
transmission. (Series I, 3/5/41). 
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Variation of air-ground transmission with altitude (clean air). 


be calculated from the known photo- 
metry of the searchlight and from 
the nephelometer results. This was 
done for the two currents for the con- 
ditions of the second night’s observa- 
tions, and the calculated brightnesses 

lotted against the observed curve. 

he results are shown in Fig. 14. 
The agreement is close, except at the 
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BRIGHTNESS OF SEARCHLIGHT BEAM 


Fig. 14. Observed and calculated brightness of a 

searchlight beam at 90° to axis. (Series 1, 3/5/41) 

Note.—Brightness values and particulars of 
searchlight omitted for reasons of security. 
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two ends where the calculated and distributions. The method is valig 
observed results differ by a factor of only if the polar distribution j 
about 1.5. This agreement can be re- identical at all altitudes and when th 
garded as satisfactory, bearing in calibration is made, otherwise a 
mind the nature of experiments, and error is introduced. The results qm 
the fact that the data for the calcula- this series, and more markedly thoy 
tion was the performance of a similar from later series, show that the 
but not identical searchlight lamp of the polar distribution is far from 
and carbons measured in another constant, and generally differs at alti. 
laboratory, and the possible differ- tude from that near the ground, where 
ences between the atmosphere the calibration has to be performed | tior 
measured by the nephelometer and The greatest difference occurs in the 
that at the searchlight beam. back scatter, which is the part of the | V.! 
The values of brightness and the olar distribution upon which 
particulars of the searchlight are ussell’s_ method depends. In its V 
omitted from the figure for reasons original form, therefore, it is not rm | tio 
of security; the calculation was made liable; but the results obtained of | ma 
in absolute and not in relative units. polar scatter have enabled variants | ties 
(iii.) Russell’s Method.—The results of it (which cannot yet be described) 
by Russell’s method were found to to be devised, which show much | tur 
give scattering coefficients consider- greater promise. It will be realised pre 
ably less than those given by the that the polar distribution of scatter | jey 


nephelometer, and in some cases was unknown when this method was } dif 
differing from it systematically. The devised. anc 
behaviour of the results could be ex- (iv.) Sky and other Brightnesses— } iny 
plained from the shapes of the polar The brightnesses of the sky and F of; 
ade 

Table II. ter. 

Various Measurements of Sky and other Brightnesses. sib 


(Micro-equivalent foot-candles : corrected for Perspex Transmission.) 
April 28-29, 1941. 




































































2,000’ | 4,000’ | 6,000’ | 8,000’ | 10,000’ | 12,000’ | 15,000°| | | 
maatenaa Secale - | 
| Ascending | ie 
Sky behind S/L 64-71 Ti 57 36 108 108 Bie 
Zenith ... Riis on 43 43 50 43 50 36 | + 
Brightest Azimuth 141 825 705 825 1760 1060 y) 
Descending Gq 
Sky behind S/L  ... 92 | 92 86 71 ‘iis 
| Zenith ae Ua }- 71 50 64 | 0 
N.B.—(1) Readings of Sky Brightness behind Searchlight Beam were taken at hap. 9 
hazard azimuths and therefore vary. ul 
(2) Readings of Brightest Azimuth were found to be on Aurora Borealis, which 
was growing brighter. 
Table III. LS 
May 1-2, 1941. 
Altitude 18,000’ 12,000’ | 7,000’ 4,000’ 2,000° | 
Time* | 2315 | 2335 | 2350 | 0005 | 0025 | 0035 | 0050 | 0100 | o110 | 0125) | 
| +Sky behind S/L| 142 | 320 | 283 | 212 | 141 | 141 |, 107 | 71 | 78 | 87 | 
| Zenith ... «| we 42 64 | 47 50 | 50 50 | 35 43 | 35 yy 
| Ground... —... 34 | 12 | 7.8 5 | 
| Illum. normal to | | 
| Moon sal 580 | 
NorEs ~ Distant haze top appar- {Moon entering } 
| ently 8,500 haze 0105 
*Clock time = | hour in advance of G.M.T. Pe 
+N.B.—Readings of Sky behind Searchlight taken in darker part of Sky. 
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on three flights are shown in 

ables II, III, and IV. 

(v) Psychrometer Readings. — The 
readings of the psychrometer are 
given in Table V. 

These are in agreement with those 
obtained from. the meteorological 
flights made in the vicinity before and 
after the tests. The Meteorological 
Office report on the weather condi- 
tions is given in Appendix I. 


¥, Measurements Made in Industrial 
Hazes 

While the high-altitude investiga- 
tion was in progress, a request was 
made for information on the proper- 
ties of industrial atmospheres such 
as occur in the vicinity of manufac- 
turing towns, where much smoke is 
t at any rate in the lower 
levels. It was expected that the main 
difference between such atmospheres 
and the clean atmospheres hitherto 
investigated would lie in the presence 
of absorption as distinct from, and in 
addition to, attenuation due to scat- 
ter. It was felt that it might be pos- 
sible to determine the absorption by 
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a method similar to that used in the 
first series of high altitude flights if 
the technique were improved: i.e., by 
making a series of nephelometer ob- 
servations at various altitudes con- 
currently with air-ground transmis- 
sion measurements. The attenuation 
from air to ground due to scatter 
alone can be calculated from the 
nephelometer observations; if the 
measured transmissions are systemati- 
cally lower than the calculated values, 
the presence of absorption is inferred. 

e experimental conditions differ 
from those previously discussed in 
that observations must be made at 
low altitudes and over a restricted 
region. This makes the use of air- 
craft impossible, since—quite apart 
from considerations of safety—the 
aircraft would pass through the 
region far too quickly, and the ap- 
parent angular speed of the ground 
would make telephotometer observa- 
tions of the target extremely difficult. 
It was possible, through Mr. Good 
and by the collaboration of R. and E. 
Department, Ministry of Home Se- 
curity, to obtain the use of an ob- 






























































Table IV. 
May 2-3, 1941. 
Altitude | 18,000’ 12,000° | — 7,000’ 4,000’ 2,000’ 
Time* | 0012 | 0033 | 0045 | 0100 | 0115 | 0132 | 0140} 0155 | 0207 | 0225 
| Sky behind S/L | 350 | 405 350 283 | 263 162 263 106 56 56 
Zenith ... ae 71 64 64 | 
Ground ... eh 32 21 14 4.4 6.2 
Sky nr. Moon 1040 
. Moon 174 
90° to Moon : 197 
Illum. normal to 
Moon 580 
Nores Traces of Haze just Ground | 
Cloud. below 4,000’ Haze lit | 
| Moonset. by S/L. | 
*Clock time = 1 hour in advance of G.M.T. 
tN.B.—Readings of Sky behind Searchlight taken in darker part of Sky. 
Table V. 
Psychrometer Readings. 
18,000’ 12,000’ 7,000’ 4,000’ 2,000’ 
| May 1-2, 1941 
Dry bulb .... bal veh =e 17°F. 28°F. 39°F. 48°F. 
Wet bulb ‘ —3 15 24 34 41 
| May 2-3, 1941 
emer ie me Re eo 15 28 39 45 
et bulb cee —3 14 26 35 40 























J. M. WALDRAM ON MEASUREMENT OF THE PHOTOMETRIC PROPERTIES 


servation balloon situated in an 
industrial region, which seemed ideal 
for the purpose; and a series of ob- 
servations was successfully made from 
it on a number of occasions and in 
two different localities at heights up 
to 3,000 ft. 


(1) INSTALLATION OF APPARATUS IN 
BaLLoon Car, ETC. 
(a) Nephelometer. 

The latest version of the nephelo- 
meter, illustrated in the photograph 
of Fig. 3, was used. It was fixed to a 
board carried on two _ stout steel 
brackets, by which it could be clipped 
over the side of the balloon car, pro- 
jecting clear of the interior, so as not 
to obstruct the occupants. (There 
was just—and only just—room tor two 
men, the observer and the pilot, in 
the car.) The apparatus’-was put on 
to the car at the last moment before 
taking off, thus avoiding the chance 
of damage to it while the balloon was 
being handled in -the dark; this 
scheme also facilitated the taking of 
ground observations with the ap- 
paratus well out of the way of the 
rigging and crew. The photograph of 
Fig. 3 shows the nephelometer as it 
was used in the balloon. The black 
sereen on the right intercepted the 
main beam for security reasons. The 
board also carried the main resist- 
ance, voltmeter, calibrating bar (in a 
clip, and secured with a safety 
lanyard), writing pad and pencil, and 
two screwdrivers; a small brass fiddle 
was also arranged to prevent any 
small objects from falling into space. 





Fig. 15. Apparatus in balloon car. 


The whole of the apparatus was 
arranged so that in an emergency jt 
could be jettisoned, in order to le 
the observer get out of the basket: 
the car suspensions prevented exit 
from the sides.’ The battery, a single 
12-volt 36 amp.-hrs. aircraft battery, 
was placed on the floor of the car 
and took the place of one of the 
ballast bags. 

(b) Telephotometer. 

In this experiment the telephoto. 
metry was much easier than in the 
aircraft, for there was no vibration to 
contend with, and the target was of 
much larger subtense and was station. 
ary. It was therefore possible for the 
observer to use the telephotometer 
simply held in his hand, and to take 
his time over the observations. The 
control box was carried on the board 
with the nephelometer, and the instruv- 
ment was run from a tapping on the 
main battery; when not in use, it was 
hung on a hook on the edge of the 
board. 

Fig. 15 shows the apparatus in posi- 
tion on the car, and Fig. 16 shows the 
observer using the nephelometer, 
(c) Targets. 

The ground target has already been 
described. In the earlier experiments 
it consisted of the white sheet laid on 
the ground on a tarpaulin, but this 
gave trouble both in the non-uniform. 
ity of brightness of the sheet, which 
made the measurement of its bright 
ness from the ground difficult, but also 
because frost or dew formed on 
sheet and changed its reflection fac- 
tor. The form finally used was that 





Fig. 16. Observer in balloon car. 
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was | described above and illustrated in the other observer with a second photo- 
cy it photograph, Fig. 17. This acted very meter at nine points over its surface 
> let well, was easy to erect, and gave a_ simultaneously with each_ series of 
sket; yery nearly uniform brightness which readings from the balloon. The balloon 
exit remained constant and was easy to observer took at least six readings 
ingle check. from each height. Before and after 
tery, For the measurement of the trans- the run, simultaneous readings were 
Car mission at ground level, the hemi- taken on the sheet with both instru- 
the sphere target described above was ments, as an intercheck. The ground 
ysed mounted in the back of a small observations on the sheet were taken 
‘ yan and run ow) = van panna” f from a high step-ladder. (Fig. 17.) 
Oto- with resistance and voltmeter control. 
1 the | The telephotometer was taken to a The test programme for each run 


on to distant point about 900 ft. away; for was therefore as follows :— 
as of the near reading the telephotometer 1. Set up nephelometer on ground 
: and make ground observation. 


ttion- | was again used close to the target. 
r the | Fig. 18 shows the sphere target, and 








: 2. Telephotometry of sphere’ target 
ye the nephelometer in use on the left. over 915 ft. ‘range, concurrently 
The | (2). PROCEDURE. with 1. 
board As these experiments proceeded, it 3. Measurement of brightness of white 
istru- became obvious that the crux of the sheet with both photometers from 
.” work was the telephotometry. A study step-ladder, air observer using the 
Ww 
f the 
- posi- 
7s the 
been 
ments 
id on 
t this 
form- 
which 
it also 
n the 
n fac- ; 
s that Fig. 17. Telephotometer sheet target. Fig. 18. Telephotometer hemisphere target 
and ground nephelometry. 
of Fig. 2 will indicate the reasons. The telephotometer. (Intercheck of in- 
heights involved were much smaller struments.) 
than before, so that transmissions (While these observations were 
were higher; and the whole work de- being made, the balloon crew 
pended upon the difference between were getting the balloon off its 
ee, and a. yee bed and preparing the car.) 
es. A single small error in an o : ; 
served point could make the curves * tT Pee eno eee lobe aceon: 
oe. Sg bans prom 4 — ded to first level. as j 
ore to be carried out wit e ‘ ‘ 
greatest possible care and accuracy. 5. Nephelometer observations from 
It was inconvenient to employ con- Car. ; ' 
tfol on the lamps lighting the white 6. White sheetJjlluminated; simultane- 
and even if this had been used, ous observations by telephotometer 
it would have been necessary to check from balloon and by illumino- 
that its reflectivity had not changed meter from step ladder. Extin- 
due to frost or damp. In the latest guish white sheet. 
series of tests, therefore, the bright- (5 and 6 repeated at each level.) 


sab. ness of the sheet was measured by an- 7. Balloon hauled down; apparatus re- 
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moved to ground station; observer 
undressed. 

8. Simultaneous measurements on 
white sheet with telephotometer 
and illuminometer. (Intercheck 
of instruments.) 

9. Nephelometry on ground. 

10. Telephotometry of sphere target 
over 915 ft. range (concurrently 
with 9.) 

The whole series of operations 
occupied about three hours. The air 
observations were taken mostly by 
Mr. J. W. Morse, and the ground obser- 
vations by Mr. S. S. Beggs, Mr. Morse, 
Mr. G. K. Monks, and the writer. 


(3) CONDITIONS OF OBSERVATION. 

(a) Personal. 

The conditions of observation were 
much less arduous in the balloon car 
than in the aircraft. The main advan- 
tage was the absence of vibration, 
noise and movement; this balloon was 
quite steady in wind though it 
“weaved” slowly from side to side. 
The observer could take his time, and 
he was not troubled with the inter- 
locking of many experiments as in the 
first series. He wore no face mask or 
telephones and had no leads attached 
to him. The ground organisation was 
of course very much simpler, and 
there was telephone communication 
between the. ground and the air 
observers. 

The main difficulties in observing 
from the car are cold and wind. The 
observer is unprotected, and there is 
almost always wind at 1,000-3,000 ft., 
sometimes up to 40 m.p.h. An in- 
cidental trouble with wind is that it 
makes the observer’s eyes water, 
which makes photometry difficult. 
The observers are also very cramped 
for space in the car. It just holds two 
men, and it was possible for the obser- 
ver to sit only with difficulty, on the 
floor, when not observing. The ap- 
paratus projected out from the end 
of the car, and the car suspensions 
were so placed that the photometer 
was not easy to reach near 160 deg. 
But those discomforts were not suffi- 
cient to affect the accuracy of the 
observations, which was considerably 
greater than was possible in the aero- 
plane. 

(b) Operational. 

The conditions under which it was 
possible to fly the balloon were differ- 
ent from those which limited aero- 


plane flights. The aeroplane coulg 
only be flown in good visibility, ang 
generally only when there was little 
cloud; wind was no disadvantage. The 
balloon, on the other hand, could not 
be flown when there was either much 
wind or risk of lightning; but the visi. 
bility was unimportant. Thus both 
series of experiments are limited and 
not fully representative, but bej 
limited in different ways they are not 
strictly comparable with one another. 
The observations on industrial atmo- 
spheres were made on the whole in 
much thicker conditions than those on 
clean air. 


(4) RESULTS. 


Observations were made in the 
vicinity of two industrial towns, en- 
gaged mainly in light industries. (The 
precise localities may not yet be dis. 
closed.) Three ascents were made at 
the first site: at the second two series 
of experiments were made; in the first 
five ascents were made and two series 
of ground readings; in the second, 
three ascents were made. There were 
several interruptions to the work, by 
air raid alerts, deteriorating weather, 
and for peeteene reasons; and from 
all the observations there were two 
complete series at the first site and 
four at the second. The technique of 
the observations was continually im- 
proved during the series; the full 
technique described above was not 
used until the final series. The results 
are shown in Figs. 19 (a—f); the de 
tails of the experiments are given in 
Table VI. 


Vi. Discussion of Results 


The results generally indicate that 
it has been possible to make measure- 
ments of the photometric properties 
of the atmosphere from aircra 
balloons with sufficient precision for 
the results to be significant and to 
check one another where such checks 
have been possible. The nephelo- 
meter has shown itself to be a sensi 
tive means of determining the scatter 
of the atmosphere, and has given 
little trouble in the hands of skilled 
operators. Measurements of atmo 
spheric transmission, in the conditions 
of these experiments, has taxed the 
patience and ingenuity of the exper 
menters and is very difficult to 
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reliably, even under good conditions; 
but it can be done, sufficiently accur- 

for the rather stringent require- 
ments of the determination of absorp- 
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(1) PoLak SCATTER INDEx. 
(a) Clean Air. 


The shapes of the polar distributions 
show great variations, from distribu- 


ii 
19b 


Date 


tions which are almost uniform with 
those which show changes of 100:1 
in polar scatter index with angle. 
some cases the curve shows no mini- 
mum at all, increasing steadily from 


In 


0 deg. (back scatter) to 180 degs. 
(forward scatter); in other cases there 


is a very pronounced minimum. 
nearly all, however, there is a mini- 
mum which occurs at from 60 degs. to 


Table VI. 


Locauity I. 
Ist SERIKs. 





Results 


Notes on 
Experiment 





10/3/42 


29/3/42 
(Sunday) 








2,500’ 





a 20-60 x 105 
o 10-15 BA 


a negligible 
o 10-50 x 105 





First Experiment ; 
ground transmission 
not taken. 


Ground transmission 
measured. 








Locaurty II. 
2nD SERIES. 





Weather 
Definitely 
misty; haze 
top just 
above 2,500 
ft. Light E. 
wind, bring- 
ing smoke 
from town. 
Slight Ww. 
wind ; bal- 
loon to wind- 


In 


ward of fac- | 


tories. 





Il 
19¢ 


IV 
19d 





16/8/42 
(Sunday) 


18/8/42 











aup to 45 x 105 
ag 3% ee 
Results uncertain ; 
probably two ab- 
sorbing layers. 


a 40-100 x 105 
o 3-4 ” 

Absorbing layer 
0-250 ft.; little 
above to 1,000 ft. 





Tests interrupted by 
raid warning; dur- 
ing which reflection 
factor of sheet al- 
tered by frost. 
Ground __ telephoto- 
meter range too 
short. 


High wind limited 
maximum altitude. 





Wind at. 


ground 0 | 


m. p. h., 


m. p. h. at 


in- | 
creasing to 35 | 


2,000 ft. Haze | 


noticeable 
0-500 ft., 
ground fea- 
tures _ indis- 
tinctandgrey. 


Above 500 ft. | 


haze appeared 
to clear and 
ground = ap- 
peared darker 
High wind 
reaching 50 
m.p.h. at 
1,000 ft. Ap- 
peared very 
clear night ; 
no haze visi- 
ble (few fac- 
tories to 8. of 
site). Ci. cloud 
with large 
gaps. 





UM 
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Table VI. (continued). 


3rD SERIEs. 


Be i 
































No. and Max. | Notes on ‘ 
| Fig.No.| Date | alt. | Results Experiment Weather | 
V 7/10/42 2,000’ | a 10-20 x 105 Final procedure | Cloudy; ob. 
19e | o 4-25 ,, adopted ; ground | vious haze by 
| Two absorbing | telephotometer | day. Broken 
layers, 0-250 ft. | range 915 ft. Tar- | cloud at night 
and 1,300 ft. and | get suspended. Re- | andcloudbase 
above. sults consistent. lowered after 
dark. Slight 
S.W. wind | 
| On ground; | 
| 20 m.p.h. at | 
750 ft. Haze | 
| top noted 
600 ft.; slight 
| rain at end of 
} test. 
VI 13/10/42 | 2,000’ | a 10-20 x 10-5 Very heavy ground | Very hazy at | 
19f o 4-15 haze cleared during | first ; wind | 
| (Earlier, o= 245 tests; early haze | nil. Cleared | 
x 10-5/ft. | neglected. Trouble | after 250 ft. | 
| Absorption from | with electrical cir- | rdg. had been 
| ground to 1,400 ft. | cuit in later rdgs. | taken ; appar. | 
| curtailed so mej|ently no| 
curves. change above. | 





TABLE VI gives the details of the completed tests. There were, in addition, some other 
results, obtained in incomplete tests, which are recorded in TABLE VIA below. They wer 


all obtained at the second locality. 


90 degs,, or sometimes a little more. 
It was thought at first that the distri- 
butions fell into two types, one having 
little back scatter and a shallow mini- 
mum at about 60 degs. (this distribu- 
tion is similar to that reported by 
Rocard and Hulbert, and has been 
referred to as the “ Rocard type ”’); the 
other having back scatter comparable 
with the forward scatter and a pro- 
nounced minimum near to 90 degs. 
But the whole series of results shows 
curves at all stages between these two 
types, and it is scarcely possible to 
generalise. 

It has been noticed, however, both 
in the results here reported and also 
in an extended series of observations 
by H.M.S. Vernon that the distri- 
bution at ground level generally 
tends to be of the “Rocard” type; 
Fig. 1ln is characteristic. This shows 
a series of curves taken in a clearing 
mist over the sea and at sea level. In 
very clear conditions at ground level 
the minimum tends to become more 
pronounced and to occur at greater 
angles, and the back scatter increases 
relatively; in thicker conditions the 


converse is often true. This con 
clusion is not however rigid. 
There seems to be no correlation 
between the shape of the distribution 
and height, and little with its amount, 
In many cases the scatter is greater 
near the ground than at greater alti- 
tudes, as is to be expected; and 
the scatter near the ground is 
often more variable with time. As 
Fig 12a shows, the curves of scat- 
tering co-efficients as a function of 
altitude tend to slope backward, it- 
dicating a reduction of scatter with 
height; but they do not always do 9. 
There is evidence of stratification in 
some cases, but in the clean at 
measurements there are insufficient 
points to determine it with by 
On one interesting occasion (954) 
the scatter fell for the first 7,000 ft 
and then increased again, and wa 
greater at 30,000 ft. it was a 
the ground. The polar distributio 
was however very different @ 
30,000 ft. from that at the ground. 
A consideration of the curves show 
that in most cases the polar scatit 
index, for a given scattering coel 
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Table Via. 
2nD SERIES. 

—_—_ ] | 
No. Date —_ Results Seema Weather | 
VII 14/8/42 | 1,000ft.| a 15 x 10% Stopped by cloud at | Cloudat 1,000 | 

o 7—11,, 1,000 ft. Atmos. | ft. 
Absorption Coeff. | varying;  telepho- 
at grd. level; un- | tometry inaccurate. 
certain. | 
VIII 17/8/42 | 500 ft. | a 22 x 105 Tests interrupted by | Wind W. No | 
o 7—18,, raid warning; no | cloud:  ap- | 
Absorption in very | check readings possi- | peared to be 
thin layer near | ble. Those taken | much haze | 
ground; none | seem consistent. | about ; looked 
found from air | Improved check of | misty at 250 
results. sheet brightness. ft., but less | 
apparent at 
500 ft. Smoke | 
could be smelt | 
at 500 ft. 
IX 23/8/42 0 a 14:7 x 105 Ground observations | Slight N. | 
(Sunday) o 20:3 ” only. Telephoto- | wind; slight 
metry conditions | rain during | 
improved ; range | nephelometer 
now 800 ft. Results | readings. 
more certain. 
xX 24/8/42 0 a45 x 10-5 Ground observations | Fresh S.-S.E. 
o 4:5 only... Attempt to | wind _ slight 
measure smoke | till 11 p.m., 
screen; failed as | when wind 
smoke did not reach | veeredS.-S.W. 
site. and fresh- 
ened, becom- 
ing strong 
above 1,000 | 
ft. Readings 
began about 
ll p.m. 
3RD SERIES 
XI 11/10/42 | 250ft. | a 0 Test interrupted at | Very hazy 
o 62—134 x 10 | 250 ft. by Balloon | near ground, 
No absorption on | Control. Readings | but clear 
ground or up to | consistent. above. Wind 
250 ft. nil or slight | 
W. on ground. 
Haze seemed 
to clear slight- 
ly between 
time of taking 
ground read- 
ings and tak- 
ing off. Cone 
of searchlights | 
searcely visi- | 
ble in lower 
parts. 





dent, is fairly constant in the region 
of 150 deg., but is very much more 
variable at the tail of the curve 
Tepresenting back scatter. 
simply because in most curves the 


This is 
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distribution, 


forward scatter is much greater; con- 
sequently the flux in a (say) 5-d 
zone is a maximum near 150 deg. The 
total flux represented by the polar 
and consequently the 


eg. 
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Curve Altitude o 

Be 0... 117* 10-5/ft. 
Ss OS UCL 

OP s:.) Se... BS. ii 
op ..c Cees... BR. i 4 

91 ... 2,000 ft. ... 13.9 

2... 25pm... 2s 

Fig. 19a. Results in industrial 
haze. (Week night to leeward 

of town.) 

Curve Altitude o 

93 0 -» 51% 10-5/ft. 
... Zee Te we 
95... 500 ft 15.7 

96 ... 1,000 ft *19.5 

97 ... 2,000 ft. ...210.6 

98 ... 2,500 ft “14.1 

99 .. 0 23.5 


Fig. 19b. Results in industrial 


haze. (Sunday night to wind- 
ward of town.) 
Curve Altitude o 
shy 0 ... 32.3% 10-5/ft. 
34... 206@....38 Me 
Interrupted 
+ ee 0 0 tES 
136-3; Wh,..:. 123 
ise’. GR... 345 
136... 120m... 128, 
139 ... 1,500 ft. ... 0.8 
140 ... 2,000 ft. ... 0.7, 
Fig. 19c. Results in industria 
haze. 
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INDUSTRIAL HAZE 
EXPERIMENT IV: 18-8-42 





Curve Alltitude o 
144... 0 (start) .. 2X10 /ft. 
145... 0 (finish)... 
ose oa : 
igs "7 
18 = 1,000 ft. -... 


Lumen) 
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POLAR SCATTER INDEX 


“Ss 










Fig. 19d. Results in industrial 
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Curve Alltitude o 

154... O(start) ... 24*10-5/ft. 
155... O(finish) ... 32.1 ,, 
mam 20. ...199 ,, 
Bil 500 fe. ... 14.1 

Me; 750ft. ... 8.8, 

59... 1 a 

160... 1 ie Me 
Mee 2000 ft. ... 7.5 


. 











Fig. 19. Results in industrial o 


 . 2 9 104m 
6 70 8 3 WwOo% 


ee ae Fe eer: 
+-0% haze. COEFFICIEN’ 


ook TRANSMISSION 
J INDUSTRIAL HAZE 
EXPERIMENT V1- 13:10:42 


200! 





ie Altitude o 
165... O(start) ... 245*10-5/ft. 

166... Ofinish ... 16 wm 

167... 200 ft. ... 29 $s 

wen oOo. ... 3.7, 

(ascent) 

100:.. (500 ft. 2.4.5, ,, 
(descent) 

170... 1,000 ft. ... 4.5, 

eeu it. ...2.2. 4, 

We 2000. ...7.9  ,, 


2000' 
1800 


1400 


INDEX €/Ft 


POLAR 





te Fig. 19f. Results in industrial mA 

1, haze. 6 10 © 30 Oh 
TRANS MISSION 

— 179 — 








J. M. WALDRAM ON MEASUREMENT 


scattering coefficient, is therefore 
usually governed by the polar scatter 


index in this region. There are, 
however, some interesting conse- 
quences. It follows that back scatter, 


for a given scattering coefficient, may 
vary widely; thus Russell’s method, 
which depended upon back scatter as 
a measure of scattering coefficient, 
was unsuccessful, as pointed out 
above. Later variants of his method, 
based upon the use of forward 
scatter, have had more success. 


When the curve becomes very flat, 
as has been found often in exceed- 
ingly clear conditions, the flatness is 
due to reduction in forward scatter. 
By the same reasoning this produces 
a considerable reduction in the scat- 
tering coefficient. Thus, the extreme 
clarity of the air is due partly to the 
relatively low forward scatter; and 
the physical causes of extreme clarity 
are to be sought in the characteristics 
of the scattering particles which lead 
to low forward scatter, as well as to 
the small concentration of particles. 

The shapes of these polar distribu- 
tions raise many points of great in- 
terest, theoretical and practical. It is 
not proposed to discuss them here, for 
they could better be discussed separ- 
ately in conjunction with theoretical 
work. It can be said, however, that 
many of the curves obtained have 
shapes familiar from scattering 
theory; for example, those of Fig. 11n 
and the two lowest in Fig. 11f, with 
very pronounced minima. The two 
latter were obtained in very low tem- 
veratures; they have the character- 
istic shape of the theoretical curve 
for larger particles. 


The fact that white and not mono- 
chromatic light was used, and that 
there may be different sizes of par- 
ticle present simultaneously, may 
sometimes make comparison with 
theoretical work difficult and _ its 
indications ambiguous. 


(b) Industrial Atmospheres. 


The polar scatter index curves for 
the industrial atmospheres are not 
different from those found in clean 
air, and do not alter the comments 
already made. Most of the work was 
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done in thicker conditions than the 
work on clean air, and most of the 
curves show the _ characteristic, 
already noted, of high forward and 
low back scatter, with a shallow 
minimum at about 60 deg. The results 
in Experiment III (Fig. 19c) are in. 
teresting. A long range of scattering 
coefficients occurred; the polar curves 
at the lower levels, where the scatter 
was high, have the characteristics just 
described; but at 1,000 ft. the back 
scatter becomes more prominent, and 
at 1,500 ft. the scatter is very low and 
very flat curves occurred similar to 
those found previously at very great 
heights. The curve at 1,500 ft. is in. 
teresting as showing a decrease in 
forward scatter with increase in angle, 
with a maximum at 125 deg., which 
implies a 55 deg. halo. This is difficult 
to explain as an experimental error; 
the unusual readings were noticed at 
the time and repeated, and more usual 
curves were obtained immediately 
afterwards; the curve is believed to be 
genuine. 


Thus there seems to be some cor- 
relation between the shape of the 
curve and the scattering coefficient— 
though by no means a close one—but 
not between the shape and _ the 
altitude. 


(2) ABSORPTION COEFFICIENTS 


(a) Validity of the Method. 


Experiments I and II give an in- 
dication of the validity of the method. 
In Experiment I the balloon was to 
leeward of the factory area on a 
week-night, and heavy absorption 
was found. In Experiment IL, the 
balloon was to windward of the fac- 
tory area on a Sunday night, when 
some sources of pollution may not 
have been operating; and the ab 
sorption found was insignificant. This 
is an indication that the method is 
working properly, and that in the 
probable absence of smoke it shows 
little or no absorption. The experi 
mental results for transmission have 
always been less than those calcu- 
lated from the scatter, and, except in 
one case—Experiment II (and then to 
a very small degree)—have never it- 
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icated a negative absorption. It is 
omcult to be sure of the validity of 
an experiment of this kind, but all 
the indications are that the results 
are significant. They cannot, how- 
ever, be regarded as particularly ac- 
curate, in view of the difficulty of the 
experiment; and the values of absorp- 
tion coefficient are perhaps best re- 
garded as indicating its order of 
magnitude. So far as these experi- 
ments go, there seems evidence for 
expecting the atmosphere to behave 
as clean air except in the immediate 
vicinity of industrial pollution. In 
Experiment II, though the balloon 
was to windward of the adjacent 
town, it was almost down wind from 
a much larger industrial area only 
about 18 miles away; yet there was no 
material absorption found. This re- 
sult seems to conflict with the reports 
of smoke haze extending for many 
miles to leeward of an industrial area. 
But casual observation is not suf- 
ficient to detect smoke as distinct 
from scattering particles; these re- 
sults seem to indicate only that true 
absorption due to smoke does not ex- 
tend far. Industrial atmospheres 
may well be more hazy, due to 
greater scatter. 


(b) Amount of Absorption. 


The amount of absorption, when 
found, has generally been of the order 
of 10 — 40 x 10°/ft.; and it has 
generally occurred at altitudes of less 
than 2,000 ft—although on two occa- 
sions (Experiments V and III) it was 
found to continue at 2,000 ft. The ab- 
sorption sometimes occurred in dense 
layers close to the ground (Experi- 
ments I, IV, and V; and apparently 
in VIII). In several cases it occurred 
in strata, or it increased above 
ground level. Stratification of the 
atmosphere is a well-known phenome- 
non; this result is not surprising. 

The amount of absorption appears 
to be unrelated to the amount of 
scatter. Sometimes strong absorption 
ocurred on nights when the scatter 
was very low, and the atmosphere 
appeared clear. (Experiment IV.) On 

occasions the absorption was 
negligible, although there was a fair 
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amount of scatter. (Experiment II, 
XI.) The latter experiment was in- 
teresting: there was a slight wind, 
which would have been expected to 
bring the smoke; it was very hazy, 
which tends to mask the smoke effect; 
but the absorption coefficient was 
nil, or in any case less than 4 x 10°°/ft. 
When smoke has been found, the ab- 
sorption coefficient was generally 
5 - 10 times this value. 


This effect would be consistent with 
a mechanism in which the particles 
responsible for the scatter and those 
responsible for the absorption are 
different and behave independently; 
probably they are of different sizes— 
though these experiments do not in- 
dicate the sizes of the absorbing 
particles. 


(3) SCATTERING COEFFICIENTS. 


The amount of scatter varied con- 
siderably. It was often found that the 
scattering coefficient fell rapidly on 
leaving the ground, indicating a 
ground mist. Above the ground layer 
conditions were often clearer and 
more constant. On the night of Octo- 
ber 13 the initial ground mist showed a 
scattering coefficient of 2.5 x 10°/ft. 
(“ Fog,” with a daylight visibility 
range of 1,000 yards) clearing at 500 ft. 
to 3 x 10-5 (“Very good visibility ” 
with a daylight visibility range of 
about 25 miles in the absence of 
smoke). Later the ground mist was 
seen to disperse, and the ground mist 
had a scattering coefficient of 1.6 x 
10-*/ft. (‘“‘ Moderate visibility ” with a 
daylight range of about 6 miles). The 
ground layer was seldom more than 
500 ft. thick, and sometimes there was 
a clearest region at about 500 ft. above 
which it thickened again. A similar 
effect was found in the high altitude 
results on a larger scale, on two occa- 
sions with a minimum scatter at a few 
thousand feet. Occasionally the haze 
at first increased with height above 
the ground. This was seen in Experi- 
ment III., when it occurred in two 
sets of measurements separated by 
about two hours, up to 250 ft. On the 
same occasion the scatter diminished 
steadily with height above 250 ft., and 
by 1,500 ft. had reached the very low 


J. M. WALDRAM ON MEASUREMENT OF THE PHOTOMETRIC PROPERTiEs 


ALTITUDE 


EACELLENT . VERY GOOD . Good 
VISIBILITY ViSiBLITY VISIBILITY * 






SCATTERING COEFFICIENT 
MODERATE , 
VISIBILITY 


~—. 


Or 


POOR , MODERATE 
visibniTY VISIBILITY “ Foo’ |= FOG)» THNGK 


Fig. 20. Variation of scattering coefficient with altitude (industrial haze). 


value of 8 x 10°/ft., which is only 
about twice that for pure dry air. 

The variation of scattering coeffi- 
cient with height found in the indus- 
trial wena areas is shown in Fig. 20. 
This may compared with Fig. 12 
which shows corresponding curves for 
clean air; but it must be remembered 
that there is no necessary correlation 
between the two sets of data; the in- 
dustrial atmospheres were measured 
in weather which was on the whole 
thicker than that when the clean air 
measurements were made. The height 
scale in Fig. 20 is ten times, and the 
scattering coefficient scale is 1/10, that 
in Fig. 12. It would probably be 
legitimate for any problem, in default 
of better information, to use the pre- 
sent results for scatter and absorption 
to represent conditions over an indus- 
trial area for the first 2,000 ft., and 
thereafter to use those for clean air. 
The upper ends of the curves in Fig. 
20 lie well within the region covered 
by those in Fig. 12 at 2,000 ft. so that 
there are no obvious discrepancies. 


(4). Atr-GrRouND TRANSMISSION. 


The air-ground transmission is also 
shown in Figs. 12b for clean air, and 


in Figs. 19a-f for the industrial atmo 
spheres; these form an_ interesting 
comparison. The transmission air- 
ground in the industrial atmospheres 
from 2,000 ft. varied from 40 per cent. 
to 75 per cent. For most cases it is 
about 60 per cent. at 2,000 ft. In the 
clean air, measured in clearer condi- 
tions on the whole, the transmission 
at 2,000 ft. varied from 76 per cent. to 
98 per cent. In the haziest conditions 
measured in clean air a transmission 
air-ground of 60 per cent. occurred at 
8,200 ft.; on the clearest day measured 
in clean air the transmission from 
30,000 ft. was 85 per cent. If the clean 
air data is used for the upper strata 
and the industrial air data for the 
lower, the air-ground transmissions 
shown in Fig. 12b will be reduced by 
a factor of about 0.75, by the industrial 
atmosphere assumed near the ground. 


The above discussion of the results 
obtained is by no means complete 
There is doubtless much more to be 
gained from a detailed study of them; 
but it must be left for later and prob 
ably other workers. The present paper 
is confined to pointing out such char 
teristics of the results as may be if 
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portant in using them for illumination miles to nearly 40 miles. It is 
and visibility problems. very important to recognise the prob- 
able — 4 a aes for sve 
. may alter the whole approach to 
vil. Valu e of the Results, and sugges problems; and thus prevent the waste 
tions for further work. of much effort in endeavours to do 
In the first section it was pointed something which in practice will sel- 
out'that the results here given were dom be under control. Such effects 
far too limited to be treated as charac- may also explain inconsistencies in 
teristic, or to be related to known the results of field visibility experi- 
meteorological conditions. They are ments, which notoriously refuse to 

sufficient to indicate at least what has behave as expected. 

happened on a number of occasions, There are many problems of visi- 
inautumn-winter, spring and summer;. bility, particularly visibility from the 
they indicate at least some of the vari- air, the mathematical solution of 
ations which may be encountered. But which is difficult, and in any case can- 
they are quite insufficient to indicate not be even commenced without some 
how frequently or in what circum- data such as these. Mathematicians 
stances particular conditions may be re naturally loth to spend time on 
expected. @ long calculations based on assump- 
In using them for the solutions of tions which may be untrue or unre- 
problems, several methods have been _presentative, and without knowledge 

employed according to the nature of. of what variations are to be expected. ° 
4 the problem. In some problems the There are many problems of more 
complete data for actual occasions prosaic peace-time illuminating en- 
have been taken just as they stood; gineering, in such fields as street 
the whole problem has been calcu- lighting and the use of headlights, 
lated for two or three occasions with and in outdoor photometry, where 
different atmospheric conditions, in atmospheric effects are important and 
order to see how serious was the’ in which these data will enable pro- 
atmo § fect of changing atmospheric con- gress to be made. ‘ 
esting | (ditions. In other problems, a mathe- The main interest of atmospheric 
\ a- | matical expression was used which effects will, however, surely be in 
heres | gave an approximation to a a connection with air travel. The im- 
‘cent. | curve. In others, again, a hypotheti- portance of visibility of the ground 
3 it is | cal atmosphere was postulated, the from the air is probably less along 
In the es of which were built up air routes, where navigation by radio 
the available data, so as to be and astronomical methods is straight- 
—s0 far as could be judged—fairly re- forward, than the visibility of the 
ent, to | presentative of the conditions of in- ground during the operations of take- 
litions } terest. In most problems of visibility off, and particularly of landing. 
ission § itis important to try the effects of Then the visibility of the ground and 
red at § changing the atmosphere; otherwise of obstruction and runway lights, is 
long computations may be made upon of special importance; and it sets a 
some hypothetical set of conditions, very pretty crop of problems, which 


ga 


clean § @d conclusions drawn, without re- can only be solved by a knowledge of 
ane , oad wed apn a Fa Dag the _ “eigadama properties of the 
or ere whic are likely to e atmosphere. 
issions | encountered may entirely alter the In meet a with these problems are 
sed | performance, visibility, or whatever those of the meteorologist, who may 
itmay be. In one example worked have to forecast visibility to an in- 
round. | outit was found that an alteration in creasing extent. The author is not 
results the amount of back scatter in the competent to discuss this subject; but 
nplete atmosphere might well result in a on general considerations it would 
to be e from an object seen in sil- seem clear that the more that is 
thes tte to one seen as a light object known about what causes good and 
a oa dark ground; in another case, bad visibility, the better will be the 
, ges such as have been found in prospects of connecting those causes 
; paper lear, clean air could make varia- with other and better understood 
a“ ms in the range at which some- meteorological phenomena, and in the 
be thing could be seen, from five end the better the chances of making 
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accurate forecasts. It is here that the 
hope of being able to estimate the 
particle size, at least in some cases, 
from the shape of the polar curve of 
scatter index, may be of special in- 
terest on the more theoretical side. 

But we badly need data on a statis- 
tical basis. For many problems, 
little further progress will be possible 
until regular and systematic observa- 
tions are made and analysed. This is 
a big undertaking, particularly in the 
analysis of the results; but it is hoped 
that it may be thought worth while. 
Some tentative designs have been 
thought out for a polar nephelometer 
which would be fully automatic and 
would record photographically, so 
that it could be taken up on routine 
meteorological flights; such an instru- 
ment might be made to work satisfac- 
torily. he determination of indus- 
trial absorption is much less easy, and 
might not be possible as a routine 
matter. Other methods have been 
worked out for measurements in con- 
nection with specific problems, which 
cannot yet be discussed, but which 
might be pressed into service for the 
collection of data. It is, however, 
hoped that it may be found worth 
while to make some such systematic 
study of the upper atmosphere, not 
only with a view to routine collection 
of data, but also because it may open 
new and fascinating fields in the 
investigation of Nature. 
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APPENDIX I. 
Meteorological Reports 
Series I. 


The following data refer to upper 
ar ascents made by the Meteor 
logical flight in the vicinity of the 
experiments. On no occasion was 
there any major change in conditions 
between the time of the afternoon 
and morning ascents. 


(i) 


May 1, 1941. 1530 G.M.T. (Fig. lla) 
amp. 15,000 ft., + 4 deg. F. 
at 13,800 ft. 85 pc; at 


15,950 ft., 100 f per cent. 

Haze top, 5,810 

Visibility at 13,800 ft., good down 
wards and horizontally. 
May 2, 1941. 0430 G. TT. 

Temp. 15,000 ft., + 4 deg. F. 

R. H. 13,000 ft. 91 p.c.; at 16,050 ft, 
100 per cen 

Visibility at iS ,900 ft., good down 
wards and horizontally. 

(ii) 


May 2, 1941. 163) GMT. AY 11b) 
Temp. 18,000 f 
R. H. at 16170 fi. “Wwe '(Highes 
reading.) 
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Haze top, 10,100 ft. Synoptic SITUATION 


Inversion { tO, 24. deg. F., * 320 = High pressure to the North with a 


Visibility not reported gradient for easterly winds across the 











May 3, 1941. 0530 G. MT. British Isles up to and beyond the 
Temp., 18,000 ft., —6 deg. level of the experiments. These con- 
R. H. at 11 ,970 ft., 87 p.c. (Highest ditions are somewhat unusual in re- 

reading ) gard to the persistence of easterly 
Visibility ood downwards and winds at high levels, but in other 

horizontally. respects are not abnormal. 
Series IT. 
Oct. 2, 1941. 1500-1630 B.S.T. (Fig. 1c). 
R.H. Wind 
an. shia % Deg. | m.p.h. 
Surface 66°F. 65 
1,000 ft. 61 71 280 7 Haze top 4,000 ft. 
(3,000 ft. 54 90 290 10 Inversion :— 
(5,000 ft. 46 85 300 15 Base 5,280 ft., 45 deg. 
10,000 ft. 44 70 350 45 Top 6,910 ft., 47 deg. 
5,000 ft. 29 - 350 50 Visibility 
20,000 ft. 8 -= 340 50 Height Vertical Horizontal | 
25,000 ft. —13 — 360 55 6,870 ft. Indifferent Very good | 
129,000 ft. | —29 — 360 60 | 10,470 ft. * ai he 
14,540 ft. “. 




















Anticyclone over Low Counties extending to Southern England. Light southerly or 
variable winds ; small amounts of cloud about 4,000 ft ; visibility good. 


Oct. 3, 1941. 1530-1730 B.S.T. (Fig. 11d). 























| R.H. Wind 
Figs ie % Deg. | m.p.h. 
Surface 64°F. 55 Haze top 3,000 ft. 
1,000 ft. 60 75 080 12 Isothermal layer 45 deg. 
3,000 ft. 50 60 080 15 Base 3,600 ft. 
5,000 ft. 45 25 090 15 Top 5,140 ft. 
(10,000 ft. 37 30 090 20 Visibility 
(15,000 ft. 18 100 100 25 Height Vertical Horizontal 
(20,000 ft. 3 92 110 25 6,840 ft. Very good Very good 
25,000 ft. —18 95 090 20 10,430 ft. sari tol gai lay 
(29,000 ft. —35 — 110 25 14,470 ft. “oe da ake 








Anticyclone covering British Isles. Light north-easterly winds; little or no cloud ; 
moderate to good visibility. 


Oct. 7, 1941. 1530-1630 B.S.T. 1630-1800 B.S.T. (Fig. lle). iains 


























l 
R.H. Wind | 
Alt. Temp. 0% tee [ph | 
| Surface 65°F. 92 
(1,000 ft. 63 90 120 15 
(3,000 ft. 61 70 140 20 Inversion nil. 
5,000 ft 54 74 160 20 Visibility | 
(10,000 ft. 36 63 210 25 Height Vertical Horizontal | 
12,000 ft. 32 90 210 30 6,850 ft. Bad Very good 
|15,000 ft. 20 — 220 35 10,430 ft. ” 1” 99 
20,000 ft. 5 — 220 40 | 14,470 ft. 
23,000 ft. =H 100 210 45 | Wind veered 160 ‘deg. to 200 deg. 
about 6,000 ft. aad 








Anticyclone over North Sea. Light south-easterly winds ; small amount of cloud about 
3,000 ft. ; visibility poor with local fog patches. 
_NoTe.—Upper air temperatures and humidities, inversions and heights from which 
visibility observations were taken are not from direct readings over each locality, but are 
interpolated frem available data. 
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Serises ITT. 


HoRIZONTAL VISIBILITY AT SURFACE. 





Jate 2 
ss B.S.T Miles | 
~ May 9, 1942 — 11.00 ~ 6-12 (probably 
(Fig. 11g) 12.00 4-6 nearer 6) 
13.00 4-6 
May 19, 1942 10.00 12-18 
(Fig. 11i) 11.00 18-32 
12.00 18-32 
May 29, 1942 15.00 12-18 
(Fig. 11k) 16.00 12-18 
17.00 18-32 
May 31, 1942 11.00 | 12-18 
(Fig. 111) 12.00 12-18 


13.00 12-18 


June 1, 1942 
(Fig. 11m) 


11.00 6-12 
12.00 6-12 
13.00 12-18 


APPENDIX Il. 


Experiments with a Searchlight 
Beam. 
After the experiments of Series I, 
when it was not certain that any 
further aircraft experiments would be 


possible, some experiments were 
made with the co-operation of 
R.R.D.E., in which measurements 


were made of the brightness of a 
searchlight beam, exposed vertically, 
from a distant station on the ground. 
A method was worked out by which 
the scattering coefficient at various 
heights could be deduced, on the 
assumption that the polar scatter in- 
dices occurring at various altitudes 
were substantially the same as had 
been found in the Series I experi- 
ments. The searchlight experiments 
were technically successful; the 
beam brightness was measured with 
both a visual telephotometer and by 
a method of photographic photometry 
and the scattering coefficients were 
deduced. Hulbert and others describe 
somewhat similar methods which 
were used to great heights in U.S.A.* 

Later, however, it was possible to 


*Hulbert, E. O., J. Opt. Soc. Amer., 27, 
p. 277 (1937). Johnson, Meyer, Hopkins 
and Mock, J. Opt. Soc. Amer., 29, p. 512 
(1939). 


Visibility 


Remarks 





London smoke. Thick haze layer to | 
1,500 ft. and probably second haze 


| 
top at 6,000 ft. . 


Slight haze layer to 1,500 ft.; also 
possibly at 23,000 ft. 


No haze layer. 


Slight haze tops at 5,000 ft. and 
21,000 ft. 


Haze top 14,500 ft. and _ possibly 
slight haze top at 24,000 ft. 
® 


make the Series II and III experi- 
ments, and it became evident that the 
basic assumption was quite invalid, 
he polar scatter index, for a given 
scattering coefficient, varies 0 
greatly—particularly at the angles 
concerned—that the method is un 
reliable. Since then another method 
of using a searchlight beam has been 
worked out and tried experimentally, 
which is likely to give reliable results 
for the lower layers of the atmo 
sphere, say to 1,000 ft. or so. 


APPENDIX Ill. 


Measurement of Air-Ground Trans- 
mission During Daylight. 


During the course of the balloon ex- 
periments a method was devised by Mr. 
S. S. Beggs and the author for obtaining 
the air-ground transmission during day- 
light, from observations from the ait. 
If the air vbserver measures the bright- 
ness of a white and a_ nearly black 
target on the ground, and if simultane 
ous measurements of illumination are 
made at the ground, then the transmis 
sion of the air can be found; it is given 
by: 

Po(T1—"2) 


h RB, (pi-p2) 
where r, and r, are the readings from 
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and 


the air on two surfaces of reflection fac- 
fors p) and py respectively, and R° is a 
reading from the ground on a test sur- 
face of reflection factor p,. 


If only the ratio of the brightnesses of 
the white and of the dark targets are 
measured from the air, then the haze 
factor (the brightness of the veiling haze, 
expressed as a multiple of the ground 
brightness without the veiling haze) can 
be found, but in this case the transmis- 
sion cannot be found. 

This was tried from the balloon, using 
as targets the white sheet and the grass 
beside it. But for operational reasons 
the balloon could only be flown at dawn, 


OF THE UPPER ATMOSPHERE 


and difficulties were found with the 
rapidly increasing daylight,. the low- 
angle sun which resulted in uneven 
brightness of the curved sheet, and with 
the telephotometer, which was not 
adapted to_high-brightness work. Given 
reasonable conditions and the proper in- 
struments it could probably be done, 
though from an aeroplane telephoto- 
metry would be difficult. Schuil’s tele- 
photometer, which was developed later 
for use from aircraft in daylight, would 
greatly facilitate the measurements.’ 

(A Summary of the above paper, together 
with an account of the subsequent discussion 
appears in the Transactions for June, 1945, 
pages 125—130.) 
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